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Abstract 
The ocean is a dynamic and complex system. Understanding it through observation is 
critical to predicting and adapting to it. This thesis details a new approach to making 
vertical profiles at a fixed geographic location. It describes the design of a novel 
autonomous moored underwater profiler to characterize the water column of the 
continental shelf. The theory supporting the design is detailed, and the results of 
laboratory and field tests are presented. The rationale for the system, sub-system, and 
component design and selection is supported through calculations, and/or validated 
through bench testing. The resulting prototype is a hybrid of a wire follower type profiler. 
The profiler is attached to a subsea mooring and it is capable of profiling the entire water 
column. Using a buoyancy engine and compound pulley system, the unique propulsion 
system only requires power for the ascent.  Performance analysis of the prototype during 
open water field trials indicated a high potential for the profiler to operate as intended. 
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1 Introduction 
The ocean is a dynamic and complex system, physically, chemically, and biologically. 
Each of these characteristics are interconnected and influence one another. Ocean 
observation is critical to understanding these characteristics and interactions. To ensure 
safe and effective maritime operations, nations provide marine service weather 
forecasts and warnings which rely on vital data from ocean observations. The data 
from observations is also crucial for addressing scientific ocean and climate research. 
The data is used to validate, calibrate, and refine models which then may be used to 
make informed decisions and policies (National Academies of Sciences, Engineering, 
and Medicine, 2017). The ability to collect the required accurate and precise data with 
sufficient temporal and spatial resolution depends on the availability of appropriate 
technologies to make observations (Siedler, Griffies, Gould, & Church, 2013). 
Expanding the suite of instruments to measure more properties over a larger scale 
range, and deploying more instruments in networks to cover larger areas over longer 
times are also needed to improve observations (Davis, et al., 2019).  
In the case of heat and carbon dioxide (CO2) transportation, understanding the vertical 
stratification of the water column in critical. Heat and CO2 are absorbed at the surface 
where it is then transported throughout the ocean depths along complex pathways 
(National Academies of Sciences, Engineering, and Medicine, 2017).  The vertical 
structure of the upper ocean is primarily defined by the temperature and salinity which 
control the water column’s density structure (Sprintall & Cronin, 2008).  At the surface 
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exchange can occur rapidly in hours or days. However, as the water column stratifies 
with depth and time such as the seasonal and permanent pycnocline, significant water 
exchange and transportation of heat and CO2 occurs over months, years and decades 
(National Academies of Sciences, Engineering, and Medicine, 2017).  
Ocean change can influence species distribution in the ocean, human settlements, 
human activity such as fisheries, and have a profound economic influence on people 
around the world. Concerning North Atlantic cod, water temperature influences growth 
rates, reproduction, abundance, distribution, and migration (Drinkwater, 2005). The 
cod fishery is an important component of the Newfoundland and Labrador economy. 
As another example, oscillations in the equatorial Pacific referred to as the El Niño 
Southern Oscillation can influence weather patterns around the world. This affects 
ecosystems, agriculture, freshwater supplies, hurricanes and other severe weather 
events worldwide (Collins, et al., 2010). 
The ocean is vast and remote; its environment is harsh. Equipment is exposed to a 
corrosive liquid environment, extreme pressures, and the hostility of mother nature. 
Observation of the ocean progressed as a result of advancements in technical capability 
and prioritization of understanding the ocean (National Academies of Sciences, 
Engineering, and Medicine, 2017). Technical development accelerated in the 1960s 
and early 1970s lead to observational methods that are now regard as routine and 
greatly enhanced by improvements in navigation. Some of the major drivers of these 
advancements in equipment and sensor technologies are solid state electronics, 
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minimizing computer power, battery chemistry, material science, and satellite 
communication (Siedler, Griffies, Gould, & Church, 2013). Current profiling is one of 
many great example of ocean observation progression. Subsurface current 
measurements evolved from single point mechanical based instruments such as the 
Aanderaa RCM 5 which employed a Savonius rotor-and-vane; to the much more 
capable and sophisticated Acoustic Current Doppler Profilers (ACDP) which transmit 
and receives acoustic signals to measure the current at different depths simultaneously 
(Joseph, 2013). Early work done on single point mooring designs by Berteaux which 
tend to experienced fatigue failure in rough sea conditions have been further developed 
by engineers such as Mark Grosenbaugh. Dynamic analysis of single point moorings 
has shown that the large oscillatory tensions cause fatigue which is primarily due to the 
mass and dampening of the components attached to the mooring. An increase in fatigue 
resistance which would allow for longer deployments can be achieved through the 
development and use of smaller and lighter sensors and components (Grosenbaugh, 
1995). 
People have been observing the ocean for centuries. It is a challenging, dangerous, and 
expensive endeavor. Often information is required at many different depths, thus we 
need to profile it in time and space (longitude, latitude, and depth) to develop a 
thorough understanding. A sustained in situ global ocean observing system is required. 
The dominant in situ elements of ocean observing systems include profiling floats, 
ocean gliders, global drifters, and moorings (National Academies of Sciences, 
Engineering, and Medicine, 2017). These systems have continued to evolve and grow 
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to augment the more traditional ship-based observations.  A continual effort must be 
made to find new solutions, and to further enhance current solutions. In particular, the 
challenge of developing a profiling instrument on a mooring at a fixed location is one 
such effort to contribute to a global ocean observing network.   
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2 Overview of Autonomous Profilers 
Satellite remote sensing yields high resolution spatial coverage of ocean surface features 
such as wave height and surface temperature. However, it lacks the ability to observe the 
subsurface environment. Autonomous profiling platforms have been developed to provide 
high temporal and vertical resolution data of the water column for the open ocean and 
continental shelf. These platforms vary in functionality and ability. They can be deployed 
as either Lagrangian (drifting) or Eulerian (fixed) profilers. 
2.1 Lagrangian Profilers 
Lagrangian profilers are not bound to a specific geographic location. These profilers 
move about passively, driven by the ocean currents. As a result, they do not provide data 
at a fixed location. This provides good spatial resolution but limits the temporal resolution 
for a location. Two common types of Lagrangian profilers are Argo floats and surface 
drifters (Thorpe, 2009). Active profilers such as ocean gliders move about under their 
own power. 
2.1.1 Argo Floats 
The Argo float shown Figure 1 is a true Lagrangian profiler, its ever-changing location is 
determined by the ocean current. The typical ten day profile cycle is shown in Figure 2. 
The float begins its profile at a depth of 2,000 m and during the six hour ascent to the 
surface it measures and records the water salinity, temperature and depth. Once at the 
surface it transmits its position and the recorded data via a satellite connection. When the 
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transmission is complete the float descends to a depth of 1,000 m to avoid strong surface 
currents and wave action. It holds its depth at 1,000 m for approximately nine days before 
descending to 2,000 m and starting another cycle (Argo, 2018). To control the profiles, oil 
is transferred between an internal reservoir and an external bladder to regulate the 
buoyancy. Moving oil into the bladder causes it to rise, and subsequently moving it back 
into the reservoir causes it to sink. These battery powered floats can operate in the ocean 
for up to five years. The Argo network achieves high spatial resolution through the shear 
number of deployments. Figure 3 shows that as of May 21, 2018, there were 3833 of 
these floats distributed across the oceans (Argo, 2018). 
 
Figure 1 Argo float (Argo, 2018) 
 
Figure 2 Argo float profile cycle (Argo, 2018)
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Figure 3 Argo float global distribution for May 2018 (Argo, 2018) 
2.1.2 Gliders 
Gliders like the Slocum G2 shown in Figure 4 control their profiling locations based on a 
predetermined mission plan (Gliders, 2018). Like the Argo floats they collect 
conductivity, temperature, and depth data. Gliders can also be used to collect other 
physical, chemical, and biological data by equipping them with the appropriate sensors. 
Gliders control their profile by transferring fluid into and out of an external bladder to 
regulate their buoyancy. Actively adjusting the glider’s center of gravity causes it to tilt 
up or down. Fixed wings generate forward motion when the nose is tilted down during the 
descent, and tilted up during the ascent. The result is a sawtooth motion as indicated in 
Figure 5 (Gliders, 2018). Periodically the glider will surface at which time it uses Global 
Positioning System (GPS) and an Attitude and Heading Reference System (AHRS) to 
determine its location and adjust its trajectory if necessary. The trajectory is controlled by 
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adjusting a rudder. These battery powered vehicles have mission durations of a few 
weeks, to many months, or up to a year depending upon the types of power supply used.
 
Figure 4 Slocum G2 Glider 
(Teledyne Webb Research, 
2018) 
 
Figure 5 Glider sawtooth profile (Gliders, 2018)
2.2 Eulerian Measurements: Moored Profilers 
A moored profiler is bound to a specific geographic location. They provide high temporal 
and vertical resolution for a specific location. Profiling the water column at a fixed 
geographic location over time can capture high frequency, seasonal, or episodic ocean 
processes (Carlson, Ostrovskii, Kebkal, & Gildor, 2013).  
The static approach to sampling in the vertical consists of a series of sensors set at fixed 
intervals on a mooring line. To obtain good vertical resolution, the sensors must be placed 
close together. Adequately equipping a mooring over hundreds of meters quickly 
becomes cost prohibitive. Autonomous mobile moored profilers have emerged to provide 
high resolution temporal and vertical data by repeatedly moving through the water 
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column at a fixed location. The key advantage of the autonomous profiler is that only one 
sensor needs to be used to measure a variable. The two most common systems are those 
with a sensor package that either follows a fixed cable or is attached to a moving cable; 
wire followers and winched systems. 
2.2.1 Winched Systems 
Winched systems such as the Miniature Autonomous Moored Profiler (Benard, 2006) and 
the Vertical Profiling System (InterOcean, 2013) shown in Figure 6, profile the water 
column by using an electric motor to reel a cable on and off a drum. One of the 
advantageous of the winched profilers is the ability to reach the surface. This provides a 
complete profile of the water column and enables the capability to transmit data.  To 
reach the surface these systems require a large positive buoyancy to overcome near-
surface currents. As a result, they require substantial power when working against the 
buoyancy (Carlson, Ostrovskii, Kebkal, & Gildor, 2013). These systems have also been 
challenged by snarling of the cable drum which must be repeatedly spooled and 
unspooled neatly to operate efficiently. 
The Sea Cycler shown in Figure 7 is a unique winched type profiler that utilizes an 
energy conservation mechanism to resolve the high energy consumption exhibited by 
other winched profilers (Send, et al., 2013). The profiler consists of a communication 
float, sensor float, and mechanism float. Drums on the mechanism float share a common 
shaft and spool both the anchored mooring cable and the sensor float cable. The diameter 
of the drum for the sensor float cable is larger than that of the mooring cable. The cables 
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are also spooled onto their respective drums in opposite directions. The opposite spooling 
of the cables in conjunction with careful design consideration of the drum diameter ratios 
and the net buoyancy of the floats results in a static balance of the system which requires 
minimal torque to rotate the drums. When the drum shaft is rotated such that the mooring 
cable spools onto the drum, the mechanism float will move deeper. At the same time the 
sensor float cable will unspool and allow the sensor float to rise towards the surface. 
Likewise, the opposite rotation will unspool the mooring cable and spool the sensor float 
cable which moves the mechanism float upwards and the sensor float downwards. During 
these profiling motions, sensors measure and record data that is transmitted via satellites 
when the communications float reaches the surface. 
 
Figure 6 Vertical Profiling System 
(InterOcean, 2013) 
 
Figure 7 SeaCycler overall design and 
deployed configuration (Send, et al., 2013)
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2.2.2 Wire Followers 
Profilers that follow a fixed mooring line require the line to be vertical and taught. The 
most prominent is the McLane profiler shown in Figure 8 (Morrison III, Billings, & 
Doherty, 2000). It uses a motorized traction wheel to move up and down the mooring 
line.  It is designed to have neutral buoyancy at a specific depth, which significantly 
minimizes the power required to drive it. The taught mooring line requirement means that 
the buoy at the top of the mooring line must sit below the surface to minimize the harmful 
effects of waves. This limits the profiling range to exclude the very significant region of 
the water column near the surface. It also restricts the opportunity for telemetry.  
In benign conditions, where the mooring buoy can be positioned on the surface, profilers 
like the Seahorse (Figure 9) can be used. It uses a wave powered ratcheting system 
requiring minimal power for locomotion (Fowler, Hamilton, Beanlands, & Furlong, 
1997). The jacketed wire of the mooring line passes through a one-way clamp in the body 
of the Seahorse. When engaged, the mechanics of the clamp only allow the wire to pass 
through it in the upward vertical direction. Thus, when the surface buoy is lifted up by a 
wave it pulls the cable through the clamp which positions the instrumented body of the 
Seahorse at a lower point on the mooring cable. Continuous wave action causes the body 
of the profiler to eventually move to the bottom of the mooring line. At this point the 
clamp is disengaged and the profiler rises to the surface due to its net positive buoyancy. 
It is during the smooth ascent that the oceanographic measurements are taken. 
12 
 
 
Figure 8 McLane Moored Profiler 
(McLane Moored Profiler, 2018) 
 
Figure 9 Seahorse profiler mooring and component details (Fowler, 
Hamilton, Beanlands, & Furlong, 1997) 
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3 Goals and Objectives of the Development 
This thesis focuses on the development of a viable autonomous moored profiler to 
characterize the oceans water column as an alternative to existing profiling systems. The 
design, fabrication, and testing of the prototype is detailed in this document. 
3.1 Operational Requirements 
The profiler should provide long term high resolution oceanographic data of the water 
column in near real-time, under the typical environmental conditions expected in areas 
such as the Scotian Shelf. In order to do this, the profiler is designed to meet the 
following nine operational requirements. 
1. Operate to depths of 200 m 
2. Operate in horizontal currents up to 1 m/s 
3. Operate in waves heights up to 5 meters 
4. Operate in temperatures ranging from -5°C to 30°C 
5. Profile from the bottom of the water column to the surface 
6. Profiles 5 times every 24 hours 
7. Profile at a speed of 0.3 m/s ± 0.1 m/s 
8. Communicate data while at the surface 
9. Operate continuously for 365 days 
14 
 
3.2 Water Column Characteristics 
The profiler is designed to measure the following six water column properties. However, 
the system is capable of adding or exchanging other sensors depending on the end users 
need, deployment time, and available power supply. 
1. Salinity 
2. Temperature 
3. Depth 
4. Dissolved Oxygen 
5. Current Velocity 
6. Chlorophyll 
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4 Profiler Design Concept 
After a thorough literature review of the various ocean observation systems as described 
in the previous section, the concept development process began. The aim was to design a 
moored profiler that could breach the surface of the ocean while utilizing the protection of 
a subsea mooring. Several design ideas were proposed and assessed before a final 
concept, which is detailed in this document, was chosen to be developed and prototyped. 
The moored profiler design is considered a hybrid between a wire follower and a 
“drumless” winched system. A Computer Aided Design (CAD) model of the prototype is 
detailed in Figure 10.  
This design allows the sensor float to measure and record oceanographic data via a suite 
of integrated sensors as the profiler moves upward though the water column from the 
ocean floor to the surface. A buoyancy engine located in the main body is the means of 
propulsion. The buoyancy engine changes the buoyancy of the main body of the profiler 
by inflating and deflating an external bladder with an incompressible fluid from an 
internal reservoir. Based on Archimedes principle, inflating the external bladder increases 
the volume of water displaced by the system while maintain the same mass; this results in 
the system becoming more positively buoyant (Munson, Young, & Okiishi, 1994). The 
net buoyancy of the system is trimmed such that it is negatively buoyant (sinks) when the 
bladder is deflated and positively buoyant (floats) when the bladder is inflated. While at 
the surface the profiler can transmit and receives data to and from a remote site. Once the 
communication is completed the profiler returns to the bottom of the mooring to 
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hibernate.  During the hibernation state energy is conserved where possible until the next 
scheduled profile. While at the bottom the system is protected from human interference, 
and the harsher environmental conditions at the surface such as waves. The 
environmental conditions that promote biofouling also decrease with depth. (Durr & 
Thomason, 2010). 
 
Figure 10 Profiler prototype CAD model 
Passive Float 
with an Internal 
Sheave 
Subsea 
Buoy 
Sensor 
Float 
Electromechanical 
Cable 
Main 
Body 
Mooring 
Line 
Anchor 
*Height of the subsea mooring is not to scale for illustration purposes 
Sheaves 
Hard Stop 
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The complete system is made up of five major components.  
1. Sensor Float 
2. Passive Float  
3. Main Body  
4. Electromechanical Cable 
5. Subsea Mooring (subsea buoy, mooring line, and anchor)  
The sensor float has a fixed positive buoyancy and houses the necessary sensors that are 
required to measure the water column characteristics. It also contains a control system 
that records and stores the data until it can be transmitted to shore via the attached 
antennas and a satellite constellation. 
The passive float also has a fixed positive buoyancy. Its main purpose is to keep the 
sensor float retracted until the profiler is near the surface. Details of how this simple 
component influences the movement of the sensor float is described later in greater detail  
The main body has a variable negative buoyancy. It secures the power supply and the 
buoyancy engine for the profiler. The variable buoyancy of the main body produced by 
the buoyancy engine causes the complete profiler system to either ascend or descend in 
the water column. 
The electromechanical cable links the sensor float, passive float, and main body together. 
One end of the electromechanical cable terminates at a connection on the sensor float 
while the other end terminates at a connection on the main body. Following the 
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electromechanical cable from the bottom of the sensor float, it first passes through two 
sheaves on the main body, then through a sheave within the passive float before ending at 
bottom of the main body.  
The subsea mooring cable constrains the passive float and main body to the geographic 
location of the mooring. The cable passes through a guide tube located at the center of the 
passive float and then through two eyelets at the end of the frame of main body. The 
anchor connected at the bottom of the cable coupled with the subsea buoy connected at 
the top produce a taught mooring line.  
4.1 Mode of Ascent and Descent 
Five significant points along the profiler’s ascent and descent though the water column 
are illustrated in Figure 11. The system has two modes of dynamic behaviour during its 
operation which are dependent on its position along the subsea mooring line, and the 
buoyancy of the main body, passive float, and sensor float.  
 The positive buoyancy of the passive float must be more than twice the positive 
buoyancy of the sensor float. 
 The maximum negative buoyancy of the main body must be greater than the sum 
of the positive buoyancy of the passive and sensor floats. 
 The minimum negative buoyancy of the main body must be less than three times 
the positive buoyancy of the sensor float.  
19 
 
The first dynamic mode of behaviour occurs during the majority of the profile when the 
passive float is not in contact with the subsea buoy (Position A and B in Figure 11). The 
second dynamic mode occurs when the passive float is in contact with the subsea buoy 
(Positions C to E in Figure 11). 
 
Figure 11 Significant points during the profiler ascent and descent 
4.1.1 Position A - Hibernation 
In its hibernation position the profiler is located at the bottom of the subsea mooring. To 
achieve this position, the buoyancy of the main body is adjusted to its maximum negative 
buoyancy which is greater than the combined positive buoyancy of the passive and sensor 
floats. Since the passive float has more than twice the buoyancy of the sensor float, it 
*Height of the subsea mooring is not to scale for illustration purposes 
20 
 
generates more tension on the electromechanical cable than the sensor float can exert. 
Therefore, the sensor float will be retracted against the main body, and the passive float is 
positioned at its maximum distance from the main body. The full retraction of the sensor 
float is critical to ensure that it will not become entangled around the mooring cable. 
4.1.2 Position B – Primary Ascent 
To initiate an ascent, the negative buoyancy of the main body is adjusted to its minimum 
negative buoyancy. This is less than the combined positive buoyancy of the passive float 
and the sensor float, and less than three times the positive buoyancy of the sensor float; 
thus the profiler rises. Again, since the passive float has more than twice the buoyancy of 
the sensor float it generates more tension on the electromechanical cable than the sensor 
float can exert. Therefore, the sensor float remains retracted against the main body, and 
the passive float maintains its position at a maximum distance from the main body during 
the primary ascent. 
4.1.3 Position C- Contact with the Upper Stop 
A hard stop located on the mooring line immediately below the subsea buoy prevents the 
passive float from moving further up the mooring line. The mode in which the sensor 
float continues to ascend towards the surface is initiated at this point. The passive float is 
now static and acts as an anchored component of the system.  
The arrangement of the sheaves on the main body of the profiler and the passive float 
provides a 3:1 mechanical advantage. A simplified schematic of this compound pulley 
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arrangement and it is corresponding free body diagrams for static conditions are shown in 
Figure 12. The upper pulley represents the sheave connected to the passive float, and the 
lower pulley represents the sheaves attached to the main body. The arrow end of the cable 
in the leftmost schematic is the point where the sensor float would be attached. To 
maintain static equilibrium, the tension in the cable (TE) must be one third of the negative 
buoyancy of the main body (BMB). The positive buoyancy of the sensor float is greater 
than one third of the negative buoyancy of the main body. Therefore, it can lift the main 
body. The anchoring force (FA) for the system requires twice the static equilibrium cable 
tension. Again, since the buoyancy of the passive float is more than twice that of the 
sensor float it is able to maintain its anchor function. 
 
Figure 12 Profiler 3:1 compound pulley system and its free-body diagrams 
22 
 
4.1.4 Position D – Secondary Ascent 
During the secondary ascent, the sensor float is released from the main body. It moves 
upwards towards the surface and away from the main body. The cable to be payed out is 
stored between the pulleys on the passive float and the main body. While ascending the 
sensor float lifts the main body towards the anchored passive float. The vertical 
displacement of the sensor float is three time the vertical displacement of the main body 
due to the 3:1 mechanical advantage of the compound pulley system. Referring to Figure 
13, if the length of the electromechanical cable payout required for the sensor float to 
reach the surface is Y, then the secondary ascent would begin when the sensor float is 
1.5Y below the surface. To reach the surface during the secondary ascent the sensor float 
moves 1.5Y, and simultaneously the main body moves 0.5Y. The basic behaviour of the 
secondary ascent satisfies that the work done by the sensor float is equal to or greater than 
the work done on the main body. Work is the product of the force on a body and its 
displacement in the direction of the force (Hibbeler, 2007).  
Releasing the sensor float from the main body while only at the top of the subsea mooring 
reduces the possibility of entanglement in the mooring line. Ocean currents can create 
drag on the sensor float and cause a horizontal displacement. In the unlikely event the 
displacement is directed towards the mooring line, there could be an entanglement if they 
cross over. The amount of displacement increases with the length of electromechanical 
cable that must be payed out. Therefore, the sensor float should not be released from the 
main body until it is near the subsea buoy. The critical point during the release of the 
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sensor float is when it is at the same depth as the subsea buoy as shown in Figure 13. 
Above this point, the sensor float is in the space above the mooring, and the cables cannot 
cross over. To mitigate this issue, the release point of the sensor float on the main body 
must be far enough from the mooring line to ensure that the horizontal displacement 
developed by a 1 m/s current is not sufficient to allow contact between the sensor float 
and the mooring. 
 
Figure 13. Electromechanical cable pay out during the secondary ascent 
*Height of the subsea mooring is not to scale for illustration purposes 
yc 
Release Point 
xc 
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4.1.5 Position E – Surface Breach 
A surface breach occurs when the sensor float reaches the surface and exposes the 
antennae to the atmosphere. At this point, the profiler will be able to communicate with a 
remote site. The amount that the antennae breaches the surface depends on the excess 
buoyancy of the sensor float. Once the profiler has completed sending and receiving data, 
the buoyancy of the main body is adjusted to its maximum negative buoyancy. Since this 
is greater than the sum of the positive buoyancy of the passive float and sensor float, the 
profiler will descend to the bottom of the mooring in essentially a rewind of the ascent 
order, back to position A where it hibernates waiting to complete the next profile. 
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5 Profiler Design 
This chapter details the design of the system and components that make up the profiler. 
Due to the dependent relationship between the components, especially their buoyancy, 
they were designed in series. The starting point was the sensor float, followed by the 
electromechanical cable, then the passive float, and finally the main body. As part of the 
design cycle each component went through several iterations before arriving at the final 
designs detailed in the following sections. 
Throughout the design, careful consideration was given to the material selection for 
components given the harsh operating environment of seawater. While plastics such as 
Ultra High Molecular Weight Polyethylene (UHMW) are useful and have good 
compatibility in seawater, they lack the strength required for the structural members or 
pressure vessels. As detailed further in the designs, aluminum was the material of choice 
for most of the strength components, and 316 stainless steel for the fasteners. The 
combination of stainless steel and aluminum is not ideal due to the potential for galvanic 
corrosion between the dissimilar metals. However, the alternative of using all stainless, 
titanium, and/or nickel alloys was cost prohibitive, especially for a prototype. To mitigate 
the potential for failure of the components or system due to galvanic corrosion, several 
solutions were implemented in the design. The first was to anodized all of the aluminum 
components. The second was to include attachment points on the aluminum components 
for sacrificial zinc anodes; especially near areas where stainless steel fasteners are in 
contact with the aluminum. The third was to separate physical contact between the 
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stainless steel fasteners and the aluminum component with non-metallic washers and 
bushings. 
5.1 Sensor Float Design 
The final sensor float design is shown in Figures 14 and 15. It was designed to house the 
sensors, a controller and data logger, and the telemetry system. To perform properly 
under the operating conditions specified, it was designed to provide low drag and positive 
buoyancy to ensure it can reach the surface while mitigating the risk of entanglement in 
the mooring line.  It provides an upright orientation of the antenna for telemetry while at 
the surface. A strong structure with a mechanical connection point on the bottom allows 
the addition of a strain relief to dampen the impact energy from wave action when the 
profiler is near the surface. 
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Figure 14. Final sensor float design: full and sectioned view 
The suite of sensors that was chosen for the sensor float are listed in Table 1.  The sensors 
were selected based on performance specifications such as power consumption, accuracy, 
range, resolution, and size. All of the sensors are rated for a depth of 200 m or greater. 
The exception to the depth rating are the Altitude Heading Reference System (AHRS) 
and Global Positioning System (GPS) receiver which are housed within the enclosure and 
not exposed to the ambient water pressure.  
Iridium/GPS 
Antenna 
Velocimeter 
Fluorometer 
CTD 
Dissolved 
Oxygen Sensor  
Mechanical connection point 
Wi-Fi 
Antenna  
Altimeter  
Foam  
Enclosure  
Shell 
~450 mm 
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Figure 15 Sensor float - Orthographic projections with dimensions 
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Table 1 Sensor float suit of sensors 
Manufacture Model # Parameter(s) Range Accuracy Power 
Seabird GPCTD 
Conductivity 
Temperature 
Depth 
0-9 S/m 
-5-42 °C 
0-300 m 
±0.0003 S/m 
±0.0002 °C 
±0.1% FSR 
190 
mW 
Seabird 43F 
Dissolved 
Oxygen 
120% of 
saturation 
±2% of 
saturation 
45 
mW 
Seabird ECO FLS 
Chlorophyll-a 
Florescence 
0-125 μg/L 0.02 μg/L 
0.6 
mW 
Nortek Vector Velocity ±0.1-7 m/s 
±0.5% of 
measured value 
1.2 W 
LORD 
MicroStrain 
3DM-GX4-24 
Attitude and 
Heading 
360° about 
all axes 
±2.0° 
800 
mW 
Tritech LRPA200 Altitude 2-200 m ±0.025% FSR 2.2 W 
Sparkfun GPS-10920 
Latitude & 
Longitude 
N/A 2.5 m  
67 
mW 
The components listed in Table 2 make up the sensor float data logger and controller 
which are housed in the subsea enclosure. 
Table 2 Sensor float data logging and controller components 
Manufacturer Model # Description Power 
BeagleBone Black Single Board Computer < 1 W 
PJRC Teensy 3.2 Microcontroller <150 mW 
CUI PBY30-Q48-S12-U 24V DC-DC Converter 88% efficient 
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The telemetry systems components are listed in Table 3. The Iridium/GPS and Wi-Fi 
antenna are affixed to the top of the sensor float while their respective electronic modules 
reside in the subsea enclosure. 
Table 3 Sensor float telemetry components 
Manufacturer Model # Description Power 
Trident 
Dual Element 
GPS & Iridium 
Active GPS & Passive 
Iridium Antenna 
< 50 mW 
Iridium A3LA-RS Satellite Modem 1.75 W (max) 
Digi XTP9B-PKI-R RF Modem < 3W 
Ubiquiti BM5HP Wi-Fi Transceiver 6 W (max) 
Teledyne CCR-33S Coaxial Switch 1.7 W 
AOSL N/A Wi-Fi Antenna N/A 
The manufacturer specification data sheets for all the components listed in the three tables 
above are included in Appendix A, pages 173-203. 
5.1.1 The Effect of Current on the Position of the Sensor Float 
Under ideal environmental conditions with no current acting on the system, the sensor 
float would rise to the surface following a straight vertical trajectory during the secondary 
ascent (Figure 11). However, when a horizontal current is imposed on the sensor float and 
the electromechanical cable, the effect is a horizontal displacement of the sensor float. 
The profiler is designed to turn into the current such that the sensor float moves away 
from the mooring line when displaced by a current. However, if opposing currents acted 
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on the main body of the profiler and the sensor float, the consequence is a risk of the 
sensor float becoming entangled with the mooring line. This could impede its operation. 
To prevent entanglement, the horizontal displacement of the sensor float needs to be 
minimized. The release point of the sensor float must be positioned such that the 
horizontal displacement does not subject it to the entanglement conditions described in 
section 4.1.4.  
At any instant in time during the secondary ascent, the sensor float behaves as its own 
simple subsea mooring with the anchor point being the release point on the main body.  
Assuming the electromechanical cable is short and lightweight, Equations 5.1, 5.2, and 
5.3 can be used to determine the length of the cable (s), the horizontal (x), and vertical (y) 
distance from the release point, respectively when exposed to a current (Figure 16) 
(Berteaux, 1976). 
𝑠 =  
𝑇0
𝑅
(cot θ1 − cot θ2) (5. 1) 
𝑥 =  
𝑇0
𝑅
(csc θ2 − csc θ1) (5. 2) 
𝑦 =  
𝑇0
𝑅
{𝑙𝑜𝑔𝑒 (tan
θ2
2
) − 𝑙𝑜𝑔𝑒 (tan
θ1
2
)} (5. 3) 
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Figure 16 Simple subsea mooring with an anchor point 
The tension (T0) is the resultant force of the vertical buoyant force (Fsf), and the 
horizontal drag force (Dsf) on the sensor float. The vertical buoyant force is determined 
from Equation 5.4 which is the difference between the buoyant force of the sensor float 
(Bsf) and the weight of the sensor float (Wsf). 
𝐹𝑠𝑓 = 𝐵𝑠𝑓 − 𝑊𝑠𝑓 (5. 4) 
The buoyant force of any submerged body is equivalent to the weight of the water it 
displaces (Munson, Young, & Okiishi, 1994). Equation 5.5 determines the buoyant force 
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of the sensor float (Bsf) from the density of the water (ρw) and the volume of water it 
displaces (Vsf). 
𝐵𝑠𝑓 = 𝜌𝑤𝑉𝑠𝑓 (5. 5) 
The drag force on the sensor float (Dsf) is dependent on the drag coefficient of the sensor 
float (CDsf), the density of the water, the velocity of the water (v), and the projected areas 
of the sensor float perpendicular to the water velocity (Asf) (Munson, Young, & Okiishi, 
1994). Equation 5.6 gives the drag force on the sensor float. 
𝐷𝑠𝑓 =
1
2
𝐶𝐷𝑠𝑓𝜌𝑤𝑣
2𝐴𝑠𝑓  (5. 6) 
The drag force per unit length of the electromechanical cable (R) is calculated from 
Equation 5.7. It is dependent on the drag coefficient of the electromechanical cable 
(CDec), the density of the water, the velocity of the water, and the diameter of the 
electromechanical cable (θec). 
𝑅 =
1
2
𝐶𝐷𝑒𝑚𝜌𝑤𝑣
2𝜃𝑒𝑐 (5. 7) 
The drag coefficient (CD) of an object is dependent on the Reynolds Number (Re). The 
Reynolds Number is dependent the density of water, the velocity of the water, the 
dynamic viscosity of the water (μ), and the characteristic linear dimension of the object 
(D). The characteristic linear dimension of a sphere and cylinder (cable) are its diameters, 
θsf and θec. Equation 5.8 is used to calculate the Reynolds number (Munson, Young, & 
Okiishi, 1994). 
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𝑅𝑒 =
𝜌𝑤𝑣𝐷
𝜇
 (5. 8) 
θ1 is the angle between the horizontal and the electromechanical cable at the release point 
of the main body, which is determined by rearranging Equation 5.3 to give Equation 5.9. 
𝜃1 = 2 tan
−1
tan
𝜃2
2
𝑒
𝑦𝑅
𝑇0
 (5. 9) 
The angle between the horizontal and the electromechanical cable at the buoy is θ2, 
determined from the basic trigonometry of the vertical buoyant force and the horizontal 
drag force acting on the sensor float, Equation 5.10. 
𝜃2 = tan
−1
𝐹𝑠𝑓
𝐷𝑠𝑓
 (5. 10) 
Based on the equations presented, the horizontal displacement of the sensor float and 
subsequently the length of electromechanical cable required to reach the surface can be 
minimized by increasing the positive buoyancy of the sensor float and reducing the drag 
on the sensor float. Reducing the drag on the electromechanical cable also helps but at a 
lesser magnitude.  
5.1.2 Sensor Float Shape and Size 
A systematic and iterative approach was used to determine the appropriate size and shape 
of the sensor float.  The first step determined a rough estimate of the buoyancy and drag 
required by the sensor float. This estimate is based on restricting the location of the sensor 
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float release point on the main body to a maximum of 1.5 meters from the mooring line. 
This is to keep the size of the main body within reasonable limits. This means that the 
horizontal displacement of the sensor float at the critical point (the same height as the 
subsea buoy) cannot exceed 1.5 m. The horizontal displacement from the release point at 
the critical point (xc) is solved using Equation 5.2. It is dependent on the vertical 
displacement from the release point to the critical point (yc) (Figure 13). Equation 5.11 is 
used to approximate yc. It depends on the length of cable required to reach the surface (ss) 
which is calculated from Equation 5.1. If the amount of cable required for the sensor float 
to reach the surface is ss; then the sensor float is half the length of ss below the subsea 
buoy when the profiler is about to start the secondary ascent. This is because the amount 
of electromechanical cable required to reach the surface is stored equally between the 
pulleys in the passive float and on the main body. Due to the 3:1 ratio of the pulleys, the 
yc value indicated in Figure 13 can be approximated as two thirds the distance from the 
passive float to the subsea buoy at the start of the secondary ascent. 
𝑦𝑐 ≅
2
3
(
1
2
𝑠𝑠) (5. 11) 
The initial estimate of the buoyancy and drag of the sensor float assumed the following: 
 The sensor float is spherical and its weight in sea water (Wsf), including the 
instrumentation and enclosure is 200 N;  
 The electromechanical cable diameter (θec) is 0.01 m and is cylindrical; 
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 The vertical distance of the sensor float to the release point when at the surface 
(ys) is 10 m. 
This information and the other variables (such as the 1 m/s current) required to solve for 
the horizontal displacement from the release point at the critical point (xc) are listed in  
Table 4. An Excel spreadsheet was used to solve for xc while incrementally increasing the 
diameter of the sensor float by 0.005 m. When the sensor float reached a diameter of 
0.385 m it produced a calculated xc value of 1.5 m. The corresponding buoyancy and drag 
on the sensor float were 101 N and 29.9 N respectively. This was considered a reasonable 
size for the sensor float. Thus it was used as a baseline for the size and shape. The 
spherical sensor float trajectory plot in Figure 17 indicates the trajectory of the 0.385 m 
diameter sensor float (green line) from the release point (black line) to when it reaches the 
surface (blue line). The trajectory does not intersect the mooring cable (red line) therefore 
reducing the risk of entanglement. Reducing the drag on the sensor float can further 
reduce the risk of entanglement by decreasing the horizontal displacement. Adopting a 
streamline body for the sensor float can reduce the drag coefficient to 0.1 or less. A 
streamline sensor float with a conservative drag coefficient estimate of 0.1 and the same 
characteristics and operating conditions as the spherical sensor float has an 80% reduction 
of the drag of force. The 6 N drag force of the streamline float results in a 0.53 m 
horizontal displacement at the critical point. The equivalent streamlined sensor float 
trajectory shown in Figure 18 provides excellent risk mitigation of entanglement. 
Limiting the critical distance xc to 1.5 m under these parameters will permit the subsea 
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buoy to be submerged to a depth up to 17 m without risking entanglement. This means 
the profiler can accommodate a discrepancy of 7 meters in depth beyond the expected 
subsea buoy depth of 10 m. This depth discrepancy is expected due to waves, tides, 
tolerances in assembling of the subsea mooring, and bathymetry uncertainty at 
deployment sites. 
Table 4 Sensor float variables and results 
Depth of the subsea buoy, ys 10 m 
Sensor float diameter, θsf 0.385 m 
Sensor Float weight, Wsf 200 N 
Sensor float drag coefficient, CDsf 0.5 
Electromechanical cable diameter, θec 0.01 m 
Electromechanical cable drag coefficient, CDec 1 
Density of water, ρw 1047 kg/m3 
Dynamic viscosity of water, µ 0.00141 Pas 
Water velocity, v 1 m/s 
Gravity, g 9.81 m/s2 
Re for the sensor float 2.6  105 
Re for the electromechanical cable 7.3  103 
Buoyant force of the sensor float, Bsf 301.0 N 
Vertical force on the sensor float, Fsf 101.0 N 
Drag force on the sensor float, Dsf 29.3 
Tension in the electromechanical cable, T0 105.2 N 
Drag force per unit length of electromechanical cable, R 5.1 N/m 
Angle between the horizontal and cable at the subsea buoy,θ2 73.8° 
Angle between the horizontal and cable at the anchor point,θ1 49.5° 
Amount of electromechanical cable required to reach the surface, ss 11.6 m 
Vertical displacement from the release point to the critical point, yc 3.9 m 
Critical horizontal displacement (xc) 1.5 m 
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Figure 17 Spherical sensor float trajectory 
 
Figure 18. Streamline sensor float trajectory 
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Based on these calculations, the design goal for the sensor float was to ensure it provided 
a minimum of 100 N of buoyancy and a drag of less than 30 N to ensure it could reach the 
surface without interfering with the mooring line. To minimize the drag, a sensor float 
with a streamline body was designed and the volume of the float was optimized to reduce 
its projected area. To optimize the volume of the sensor float, the iterative design process 
entailed modeling the sensors and enclosure, then arranging them closely together in a 
free space such that a streamlined shape could enclose the components. Once the shape 
was defined, it was determined how much foam would be required to provide a net 
buoyancy of 100N. Detailed CAD drawing of the parts required to fabricate the sensor 
float are provided in Appendix B, pages 271-305. 
5.1.2.1 Sensor Float Enclosure Design 
To minimize its size, a custom cylindrical subsea enclosure was designed and fabricated 
for the sensor float (Figure 19). The detailed CAD drawings are available in Appendix B, 
pages 302-305. The enclosure has a blind body with a removable end cap held in place by 
three radial set screws.  
The enclosure requires an inside diameter of 162 mm and an internal length of 277 mm 
(with the endcap on) to house the components as arranged in Figure 19. The subsea 
enclosure is fabricated from 6061-T6 Aluminum and is designed to withstand a minimum 
allowable external pressure of 30 bar (~300 m depth). 
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Figure 19 Sensor float subsea enclosure with blind body sectioned and the enclosure 
components segregated 
The external design pressure (Pa) of the enclosure was verified using Equation 5.12 and the 
procedures from the American Society for Mechanical Engineers (ASME) Boiler and 
Pressure Vessel Code; specifically Section 8 Division 1, Unfired General 28 (VIII-1 UG28) 
THICKNESS OF SHELLS AND TUBES UNDER EXTERNAL PRESSURE  (ASME 
International, 2015). The external design pressure is dependant on the outside diameter of 
the enclosure (Do), the side wall thickness (t), and a factor based on the material properties, 
and the dimensions of the enclosure (B). Given the variables in Table 5, the 7.62 mm 
sidewall thickness of sensor float enclosure allows for an external design pressure of 38.9 
bar (~389 m depth).  
Bulkhead 
Connector 
End cap 
Enclosure 
components 
O-rings 
* Wiring not shown 
Sectioned 
Blind body 
Set screw 
~162 mm 
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The first step of the procedure was to verify that that DO/t was greater than 10 in order to 
validate the procedure used. Next, “Factor A” was determined from the intersection of the 
L/DO and DO/t lines on the Geometric Chart for Components Under External or 
Compressive Loading (Figure 20). Finally, the “Factor B” was determined from the 
intersection of the Factor A and the “up to 200 °F” lines on the Chart for Determining Shell 
Thickness of Components Under External Pressure Developed for Welded Aluminum 
Alloy 6061-T6 (Figure 21). 
𝑃𝑎 =
4𝐵
3 (
𝐷𝑜
𝑡 )
 (5. 12) 
Table 5 Variables and factors for sensor float enclosure 
Inside diameter of enclosure, Di 162.6 mm 
Outside diameter of enclosure, Do 177.8 mm 
Sidewall thickness, t 7.6 mm 
Unsupported length of enclosure, L 295.3 mm 
  
Factor A (L/Do = 1.66 and Do/t = 23.4) 0.007 
Factor B (Aluminum 6061-T6) 9,900 psi (682.6 bar) 
Allowable external design pressure, Pa 38.9 bar 
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Figure 20 Geometric Chart for Components Under External or 
Compressive Loading (ASME, 2015) 
 
Figure 21 Chart for Determining Shell Thickness of Components 
Under External Pressure Developed for Welded Aluminum Alloy 
6061-T6 (ASME, 2015) 
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The removable end cap of the enclosure is sealed with two radial male glands. The two 2-
437 O-rings are seated in grooves on the end cap (with no backing). This industrial O-ring 
static seal is designed for a pressure of 103.5 bar as per the guidelines and specifications 
provided in the Parker O-Ring Handbook ORD700 (Parker Hanniﬁn Corporation, 2007). 
Table 6 summarizes the O-ring and enclosure design dimensions as referenced to the 
Parker design guide schematic in Figure 22. 
Table 6 2-437 O-ring design dimensions for a radial industrial static male gland seal 
O-ring inside diameter, I.D. 151.77 ± 0.94 mm 
O-ring diameter, W 6.99 ± 0.15 mm 
Groove width, G 9.53 – 9.65 mm 
Bore diameter, A 165.10 – 165.15 mm 
Groove diameter, B-1 153.52 – 153.62 mm 
Plug diameter, C 164.97 – 165.00 
Diametral clearance, E  0.10 – 0.18 mm 
Groove radius, R 0.51 – 0.89 mm 
 
 
Figure 22. Parker design guide for industrial static seal glands (Parker Hanniﬁn 
Corporation, 2007) 
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The enclosure is fitted with seven subsea bulkhead connectors. The four Teledyne 
Impulse Miniature High Density (MHDG) series subsea connectors on the top are for the 
GPCTD, Velocimeter, Altimeter, and ECO FLS sensors.  The other two top connectors 
are Teledyne DGO 110 series coaxial connectors. They are for the Iridium/GPS and Wi-
Fi antennas. The single MHDG connector on the bottom is for the electromechanical 
cable connection. The specifications for the bulkhead connectors are available in 
Appendix A, pages 204-208. With a pressure rating of 5000 psi (345 bar) and greater, the 
connectors exceed the 30 bar design pressure. 
5.1.2.2 Streamlined Shape of Sensor Float 
A method frequently used to develop a streamline shape is to use a combination of simple 
geometric shape such as ellipses. Figure 23 shows the profile shape of the sensor float 
that is able to enclose the sensors and enclosure as arranged in Figure 14. The profile was 
developed after the shape suggested by the National Physics Laboratory where the major 
axis of the ellipse that makes up the back is √2 time greater than the major axis of the 
front ellipse  (Kale, Joshi, & Pant, 2005). The sensor float profile can be considered 
streamlined since the major axis of the back ellipse is 1.5 (> √2) times greater than the 
front ellipse. The major axis of the front and back ellipse is 400 mm and 600 mm, 
respectfully. The total length or chord of the profile is 500 mm and the thickness is 200 
mm. A streamlined strut with a thickness to chord ratio of 0.4 (same as the sensor float 
profile) has a drag coefficient ≤ 0.1 at Reynolds Number (Re) ≥ 104 (Cimbala & Cengel, 
2006). The sensor float improves streamlining of the strut shape by rounding and tapering 
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the top and bottom. The rounding and tapering shape is produced from a 180° revolution 
of half of the streamline profile (Figure 23), about the long axis of symmetry. 
 
Figure 23 Streamline profile shape of the sensor float 
5.1.2.3 Size of the Sensor Float 
The sensors, enclosure, and structural components of the sensor float all have a negative 
buoyancy. To achieve the positive 100 N buoyancy goal, foam was added to the sensor 
float. The foam used was Divinycell HCP50, the full specifications are available from the 
technical data sheets in Appendix A, pages 209-210. HCP50 is a high performance, low 
density closed cell foam designed for subsea applications. Its salt water operational 
depths specification of 300 m is suitable for this profiler’s 200 m application.  
To estimate the volume of the foam required, the buoyancy of everything that makes up 
the sensor float excluding the foam (sensors, enclosure, and structural components) had to 
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be determined. If the buoyancy of a sensor was not known from the product data sheet, it 
was determined by using a load cell to measure the buoyancy in a tank of water. The 
buoyancy of the enclosure was determined using a load cell and tank of water as well.  
The buoyancy of the sensor float components to be fabricated was determined from the 
analytical tool in SolidWorks. First the density of each component was set to the density 
of the material of construction minus the density of sea water. Then the buoyancy of the 
part was determined by multiplying gravity (9.81 m/s2) by the mass value from the mass 
property analytical tool. The total of wet weight (buoyancy) of the sensor float 
components excluding the foam was negative 48 N. Therefore, to provide 100 N of 
positive buoyancy there must be a sufficient volume of foam to generate 148 N of 
positive buoyancy (B+). Given the specification that the HCP50 foam provides 775 kg/m
3 
of positive buoyant density (ρbm), Equation 5.13 was used to determine that 1.95  10-2 
m3 of Divinycell HCP50 foam was required. 
𝑉𝑓𝑜𝑎𝑚 =
𝐵+
𝜌𝑏𝑚𝑔
 (5. 13) 
To optimize the volume of the sensor float and reduce the projected area of the float, the 
53 mm thick sheets HCP50 foam were machined to match the streamline profile. Pockets 
were machined within the shape to allow routing of cables and tubing, and to fit tightly 
around the tie rods, sensors, and the enclosure. Due to the complex shapes and geometries 
the SolidWorks mass property analytical tool was used to determine the volume of foam 
used. Engineering drawings for the ten pieces of HCP50 foam that make up a volume of 
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1.95  10-2 m3 (eight layers in the body and two pieces in the top cap) are available in 
Appendix B, pages 280-288 and 295-296. 
The resulting height of the sensor float (excluding the antenna and Velocimeter) is 0.650 
m. For drag calculation purposes the projected area of the sensor float is 0.125 m2. Using 
Equation 5.8 with the environmental variable from the spherical sensor float analysis and 
the physical variables from the streamlined sensor float, the Reynolds Number is 1.5  
105. This is greater than 1 104, therefore the drag coefficient can be conservatively 
estimated as 0.1. This will generate a drag force of 6.4 N. Including the 6.6 N of 
calculated drag from the antenna and Velocimeter, the resultant 0.81 m horizontal 
displacement of the sensor float at the critical point is within the 1.5 m tolerance placed 
on the critical horizontal displacement.   
5.1.2.4 Sensor Float Structure 
The main mechanical structure of the sensor float is shown in Figure 24. It relies on a 5 
mm thick aluminum base plate and seven 6 mm diameter aluminum tie rods equally 
spaced around the perimeter. The tie rods are threaded into the base and a flanged nut at 
the top to compress and hold the foam and intermediate layers of High Density 
Polyethylene (HDPE) in place. A HDPE shell attached to the HDPE layers helps to 
protect and confine the foam. The subsea enclosure and a strain relief attachment point 
are rigidly attached to the aluminum base plate with fasteners. The strain relief attachment 
point is mounted near the front of the sensor float to help ensure that the GPCTD sensor 
located in the nose will orientate into the current. This is the optimal position for the 
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sensors since they will be exposed to an undisturbed parcel of water during the upward 
profile.  
 
Figure 24 Sensor float mechanical structure with the HDPE base and 
shell sectioned 
5.1.3 Upright Orientation and Stability of the Sensor Float 
A fully or partially submerged object is considered to be in stable equilibrium if it returns 
to its equilibrium position after it has been displaced (Munson, Young, & Okiishi, 1994). 
To ensure a clear telemetry link, the top mounted antennas on the sensor float must be out 
of the water when in the equilibrium position at the surface. Due to the buoyant force of 
the sensor float and the tension in the cable, the equilibrium position provides the 
antennas with an upright and out of the water orientation as shown in Figure 25. 
Aluminum base 
Tie rod 
HDPE layers 
HDPE base 
Electromechanical cable assembly 
mechanical connection point 
Shell 
~500 mm 
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However, the tension in the electromechanical cable can be permanently or temporarily 
removed from the float during events such as a detachment from the electromechanical 
cable or exposure to wave action. In either situation the equilibrium position of the sensor 
float should ensure the antennas remain out of the water to transmit data. To guarantee an 
upright stable equilibrium position of the antennas when there is no tension on the cable 
the center of buoyancy must to be above the center of gravity (Munson, Young, & 
Okiishi, 1994). To promote this, more of the positive buoyant foam was positioned at the 
top of the float and the negative buoyant components were located as close as possible to 
the bottom of the float. Figure 26 shows that the stable equilibrium position of the sensor 
float with no tension in the cable keeps the antennae out of the water; however not as 
prominently as when there is cable tension.
 
Figure 25 Sensor float 
stable equilibrium position 
with cable tension 
 
Figure 26 Sensor float stable equilibrium 
position with no cable tension 
~450  mm 
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5.1.4 Buoyancy Verification and Trimming of the Sensor Float 
Verification and trimming of the buoyancy of the sensor float was completed in the 
Faculty of Engineering deep tank. The buoyancy of the sensor float was verified using the 
two set up arrangements illustrated in Figure 27. The first arrangement had a load cell 
connected at the top of the sensor float and the sinker weight attached to the bottom to 
submerge it. The second arrangement only has the submerged sinker weight attached to 
the load cell. The difference between the load cell values gives the buoyancy 
measurement of the sensor float. The initial measurement of the sensor floats buoyancy 
was 82.3 N. To trim the buoyancy of the sensor float to 97.5 N, 2.1  10-2 m3 (15.2 N) of 
HCP50 foam was added within the void above the enclosure. Since sea water is 
approximately 2.5% more dense than freshwater the sensor float should have a buoyancy 
of 100 N in sea water.  
 
Figure 27 Buoyancy verification tank set up 
Sinker weight 
Sensor float 
Load cell 
Not to scale 
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5.2 Electromechanical Cable Assembly Design 
The electromechanical cable assembly was designed as illustrated in Figure 28. It is made 
up of four main components; an electromechanical cable, connectors, a strain relief, and a 
shock absorber. The assembly provides five functions; (i) power for the sensor float; (ii) 
data transfer to and from the sensor float; (iii) a mechanical connection between the 
sensor float, passive float, and main body; (iv) strain relief to the connectors and cable; 
and (v) shock load absorption.  
 
Figure 28 Electromechanical cable assembly 
To reduce cost and lead time, a suitable off-the-shelf cable was selected rather than 
designing and specifying a unique cable solution to satisfy the profiler requirements. The 
electromechanical cable selected was a Falmat FM022208-04 12K Xtreme-Net 
ruggedized deep water ethernet cable. The cable has two 18 AWG conductors for power, 
and a pair of 24 AWG conductors for data transmission. In addition, there is an aramid 
Electromechanical cable 
(25 m) 
TrustLink stress relief 
Power Spring 
shock cord 
Electrical connection 
to sensor float 
Mechanical connection 
point to sensor float 
Electrical connection 
to main body 
* Length of cable is not to scale for illustration purposes 
Electromechanical cable 
(1m) 
0.243 m 
0.272 m 
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fiber layer which provides 1,200 lb. (5,338 N) of breaking strength. The specification 
sheet for the cable is in Appendix A, page 211. 
The 8.8 mm diameter cable is less than the 10 mm diameter previously assumed. 
Therefore, there will be less drag on the cable, a decrease in the expected amount of 
horizontal displacement, and a reduction in the length of electromechanical cable required 
to reach the surface. Replacing the 10 mm cable dimeter value with 8.8 mm reduces the 
drag per unit length of cable from 5.14 N/m to 4.52 N/m. Applying this value to the 
critical horizontal displacement in section 5.1.2.3 results in a reduction from 0.81 m to 
0.76m. 
The electromechanical cable is the lifeline for the system, and it must be protected from 
failure. As per the manufacture’s recommendation, the maximum safe working load for 
the cable is 20% of the breaking strength. Setting the safe working load of the 
electromechanical cable at 1,000 N satisfies the recommended maximum limit for the 
safe working load. Under static operating conditions, the ~100 N load that the cable 
would experience is much less than the safe working load. However, while at the surface 
the sensor float is exposed to cyclical and potentially shock loading due to wave action. 
Aramid fiber properties are characterized by a high modulus of elasticity due to their high 
strength and low elongation, and excellent tension fatigue (Horn, Riewald, & Zweben, 
1977). The high strength and excellent tension fatigue help permit the electromechanical 
cable to withstand the potentially high tension and cyclical loads caused by waves. 
However, the low elongation limits its ability to absorb energy during shock loading. 
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Shock loading will occur when the sensor float is at the surface and it reaches the 
extension limit of the electromechanical cable while moving up a wave. This will cause 
the float to stop immediately. This is analogous to dropping the sensor float from a height 
while attached to a fixed length of cable.  The kinetic energy developed by the moving 
mass of the sensor float must be absorbed by the electromechanical cable assemblies 
shock cord. 
The kinetic energy (KE) possessed by the sensor float as it moves up and down with the 
wave motion is determined by Equation 5.14 (Hibbeler, 2007). It is dependent on the 
mass of the sensor float (msf) and the velocity of the sensor float (vsf). Since the mass of 
the sensor float is constant, the maximum kinetic energy will occur when the velocity of 
the sensor float is at it maximum. The mass of the sensor float excludes any ‘added mass’ 
effect of the surrounding sea water due to acceleration imposed on the seawater by the 
sensor float. 
𝐾𝐸 =
1
2
𝑚𝑠𝑓𝑣𝑠𝑓
2  (5. 14) 
A simplified model of deep water surface gravity waves can be characterized by a 
sinusoidal wave as illustrated in Figure 29 (Randall, 2010) . A water particle at the 
surface traveling along the wave will have a horizontal and vertical velocity component. 
The magnitude and direction are dependent on the position along the wave. Equation 5.15 
is used to determine the vertical velocity (w) of the particle (Randall, 2010). It depends on 
the wave height (H), period (T), wave number (k), vertical distance of the particle at the 
54 
 
surface of the wave from the Still Water Line (SWL) (z), and the phase angle (θ). The 
phase angle is 0° at the crest of the wave. The maximum upward vertical velocity occurs 
when the particle is at the SWL and on the upward slope of the wave. At this point the 
phase angle is 270° and the distance from the SWL is 0. Substituting these values into 
Equation 5.15 simplifies it to wmax = πH/T. 
𝑤 =
𝜋𝐻
𝑇
 𝑒𝑘𝑧 sin 𝜃 (5. 15) 
 
Figure 29 Sinusoidal progressive waveform (Randall, 2010) 
A wave height of 5 m and a period of 6 seconds was used in Equation 5.15 to determine 
that 2.62 m/s is the maximum upward velocity the sensor float may experience at the 
surface. The 5 m wave height was set as one of the operational limits of the profiler. A 
period of 6 seconds was chosen based on 59 years of Meteorological Service of Canada 
(MSC) 50 North Atlantic Wave Hindcast at Grid Point 2124 (42.2 °N, 62.9 °W) of the 
SWL 
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Scotian Shelf. Hourly wave data from 1954-2012 indicated that the lowest wave period 
recorded for a 5 m wave was 6 seconds (Stantec, 2014).  
With a sensor float mass of 29.9 kg, and a maximum velocity of 2.62 m/s, Equation 5.14 
results in a maximum kinetic energy of 103 J. This is the energy that must be absorbed by 
the shock absorber of the electromechanical cable assembly without exceeding the safe 
working load of 1,000 N.  
A shock cord (or bungee cord) was chosen over a more traditional constant force 
extension spring as the energy absorbing component. An extension springs relatively 
short life of the tens of thousand of cycles was a severe limitation for an application 
which would expose it to regular cyclical loading from wave action (Shigley & Mischke, 
1996). The shock cord is able to endure 5  106 cycles before failure; an order of 
magnitude greater than the extension spring. The shock cord is also more compatible with 
sea water than a stainless-steel spring.  Natural rubber is able to endure long term 
submerged exposure in a salt water environment (Mott & Roland, 2001).  
A 19 mm diameter Ibex Marina Power Spring was selected as the shock absorber for the 
electromechanical cable assembly. The full specifications for the Power Spring is 
available in Appendix A, page 212. Its maximum load rating of 1,125 N is able to 
withstand the safe working load of the electromechanical cable and the ‘E’ type end 
fittings provide a secure means of attachment. The length of the Power Spring was sized 
to ensure that under a 1,000 N load it would deflect a sufficient amount to absorb 103 J of 
energy; the maximum kinetic energy developed by the sensor float.  The energy absorbed 
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by a spring (Us) with an initial tension (Ti) is determine by Equation 5.16 (Hibbeler, 
2007). It is dependent on the initial tension (Ti), the spring constant (k), and the amount of 
deflection (x). The (kx) term is the load on the spring and the initial tension is the load 
required to initiate the deflection. 
𝑈𝑠 =
1
2
(𝑘𝑥) 𝑥 + 𝑇𝑖𝑥 (5. 16) 
Unlike an extension spring, the spring constant for a shock cord depends on its original 
length. The manufacturer’s specifications for the Power Spring provides Equation 5.17 to 
determine the load (Ibex Marina, 2015). It is dependent on the spring rate specification 
(S), the percentage of extension (E) of its original length, and the initial tension 
specification (F0). The load and initial tension in Equation 5.17 is the same as the kx and 
Ti terms in Equation 5.16, respectively. 
𝐿𝑜𝑎𝑑 = 𝑆 × 𝐸 + 𝐹0 (5. 17) 
The minimum required original length (x0) of the Power Spring can be determined using 
Equation 5.18. It is dependent on the amount of deflection (x) and the percentage of 
extension (E) 
𝑥0 =  
𝑥
𝐸
(5. 18) 
Given the parameters provided in Table 7 and using Equations 5.16 , 5.17, and 5.18 the 
original length of Power Spring required for the electromechanical cable assembly that 
limits the load to 1,000 N while absorbing 103 J of energy was determine to be 0.184 m. 
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Table 7 Power spring design parameters and values 
Spring energy, Us 103 J 
Spring load, Load and (kx) 1,000 N 
Initial spring tension, F0 and Ti 248 N 
  
Spring deflection, x 0.138m 
Percentage of deflection, E 74.9% 
Original spring length, x0 0.184 m 
To connect the electromechanical cable assembly to the sensor float the Power Spring is 
coupled to a Type II-F McArtney Trustlink Stress Termination (Figure 28). One end of 
the Power Spring connects to the sensor float via the electromechanical cable assembly 
mechanical attachment point. This connection can pivot to avoid putting a bending stress 
on the Power Spring. The other end of the Power Spring connects to the Trustlink, and the 
electromechanical cable is secured and molded into the Trustlink. The specification for 
the Trustlink is given in Appendix A, pages 213-214. The watertight Trustlink is designed 
as a rugged, safe, and reliable solution for connecting cables to towed and profiling 
subsea systems (McArtney, 2015). Its purpose is to eliminate the stress on the connectors 
of the electromechanical cable as illustrated by the slack cable shown in Figure 30. The 
slack section of the cable is longer than the Power Spring at full extension. Therefore, 
when the Power Spring is loaded to 1,000 N or less, the slack section of the 
electromechanical cable will remain slack and not experience any stress. The Trustlink 
selected has a maximum safe working load of 600 kg (5886 N). This is much greater than 
the electromechanical cables 1,000 N limit, but it was the smallest one suitable for the 8.8 
mm diameter electromechanical cable. It would be cost and time prohibitive to design and 
fabricate a specific Trustlink with a lower safe working load. 
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Figure 30 Electromechanical cable assembly attached to 
the sensor float aluminum base 
5.3 Passive Float Design 
The main function of the passive float is to keep the sensor float retracted during the 
primary ascent and the descent. The final design of the passive float is shown in Figures 
31 and 32. Detailed CAD drawings for the passive float components are given in 
Appendix B, pages 306-323. The passive float is constrained to the sensor float and main 
body by the electromechanical cable via an internal sheave, and to the mooring line via 
the guide tube. The sheave is mounted to a bracket on the guide tube to provide 
mechanical strength and structure. Collars mounted at each end of the guide tube hold the 
buoyant section of the passive float in place. The ellipsoidal shaped section is formed by a 
Slack Cable (1m) 
Mechanical 
connection point 
Electrical 
connection point 
Sensor float 
aluminum base 
plate 
~250 mm 
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3mm thick fiberglass shell. One half of the shell protects an HCP50 foam core and the 
other half is hollow and vented. The foam half of the passive float forms a pocket to fit 
the sheave and guide tube structure. Through-holes in the design allow for the addition of 
trim weight and/or foam plugs to fine tune the buoyancy. The float was fabricated as four 
separate quarters; the top foam quarter, the bottom foam quarter, the top shell quarter, and 
the bottom shell quarter. All four pieces were then joined together with a final common 
fiberglass shell.    
 
Figure 31 Passive float with only the shell and HCP50 foam sectioned 
Sheave 
Collar 
Collar 
Trim 
weight Foam plug 
Guide tube 
PTFE eyelet 
HCP50 
Fiberglass shell 
Hollow half 
Foam half 
Through holes 
SHELL SECTIONED FOAM SECTIONED 
~450 mm 
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Figure 32 Passive float - Orthographic projections with dimensions 
5.3.1 Sheave Design 
The size of the sheave is constrained by good design practice. To ensure that the integrity 
of the electromechanical cable is preserved the supplier’s minimum bending radius of 10 
times the cable radius is maintained. The sheave’s pulley design limits the bending radius 
to 120 mm which is 27 times the 4.4 mm radius of the electromechanical cable. To ensure 
the cable remains seated in the pulley, the groove depth is 1.5 times the diameter of the 
cable and the throat angle is 40°. The grove radius is dimensioned as 0.530 – 0.535 times 
the cable diameter. If the groove diameter is too small the cable can be crushed and if too 
large the cable could flatten (All Rigging Co., 2016). A detailed drawing indicating the 
pulley dimensions is provided in Appendix B, page 314. 
Major axis 
Minor axis 
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The sheave uses a Rulon plain bearing. Rulon is a low friction polytetrafluoroethylene 
(PTFE) based material that is intended for wet applications. PTFE thrust washers are also 
used to minimize the friction between the side walls of the sheave and the side plates. 
PTFE spacers located around the perimeter of the side plates constrain the 
electromechanical cable in the groove. This requires the sheave to be assembled around 
the cable, but it ensures the cable will remain in the sheave (Figure 33). Detailed CAD 
drawings of the sheave components are provided in Appendix B, pages 311-315.  
 
Figure 33 Sheave design 
5.3.2 Passive Float Shape and Size 
The chosen shape for the passive float is an ellipsoid (oblate spheroid) shape with a 2:1 
major to minor axis ratio. An oblate spheroid is generated by rotating an ellipse about its 
minor axis. The major axis of the final design is 760 mm and the minor axis is 380 mm. 
The size of the passive float was determined based on the size of the sheave that had to be 
enveloped, and to contain a sufficient amount of foam to generate the required buoyancy. 
Pulley 
PTFE spacer 
PTFE thrust washer 
Side Pate 
~175 mm 
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An ellipsoid shape was chosen over a more traditional spherical shape because spherical 
subsea buoys are known to experience undesirable oscillations under certain flow 
conditions (Govardhan & Williamson, 1997). Oscillations of the float can increase the 
drag force on the float and impart additional stress and strain on the electromechanical 
cable. Streamlining the shape of a subsea buoy to reduce its drag has proven to reduce 
these oscillations (Hurley, de Young, & Williams, 2008). Under the same conditions, the 
drag coefficient of an ellipsoid is less than that of a sphere with an equivalent projected 
area. Therefore, it would reduce the occurrence of unwanted oscillations (Cimbala & 
Cengel, 2006).  
Due to the symmetry of its ellipsoid shape the orientation of the passive float is not 
strongly affected by the current. The placement of the sheave within the body of the float 
also eliminates it from acting like a fin and driving the orientation with the direction of 
the current. Maintaining an orientation independent of the current helps eliminate twisting 
of the electromechanical cable about the mooring line under conditions which could 
expose the main body and passive float to currents in different directions. The orientation 
of the passive float should only be influence by the main body since they are coupled 
together by the electromechanical cable. 
5.3.3 Buoyancy and Balancing of the Passive Float 
The positive buoyancy of the passive float must be more than twice that of the sensor 
float to keep it retracted during the primary ascent and the descent. Because of the sheave 
in the passive float, the greatest tension it can develop in the electromechanical cable is 
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half of its own buoyancy as indicated in by the free body diagram given in Figure 34. The 
passive float was designed to have a positive buoyancy of 220 N (FPF) in sea water. This 
can produce a cable tension of 110 N (TEC) which is 10 N greater than the 100 N 
buoyancy of the sensor float (FSF). Although small, a magnitude the 10 N is sufficient to 
keep the sensor float retracted. Increasing the magnitude of the passive float to produce 
more buoyancy to retract the sensor float will require a larger buoyancy engine. The 
buoyancy engine is required to vary the weight of the main body from greater than the 
sum of the sensor float and passive float buoyancy, to less than three times the sensor 
float buoyancy. Increasing the buoyancy of the passive float increases the magnitude of 
this variation. Therefore, employing a larger buoyancy engine capacity which necessitates 
more power. 
 
Figure 34 Passive float and sensor float free-body diagrams 
To achieve a passive float design with 220 N of positive buoyancy, a systematic and 
iterative process was used. First, based on a 760 mm  380 mm ellipsoid, the buoyancy of 
the HCP50 foam, fiberglass shell, and the sheave and guide tube structure were 
determined using the SolidWorks analytical tools. The net value of the first iteration 
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exceeded the desired 220 N.  Due to the requirement to enclose the sheave within the 
passive float, altering the dimensions of the ellipsoid shape was not an option. Two equal 
and symmetric through-hole features were incorporated into the design to reduce the 
volume of foam in the passive float. The through-holes were iteratively dimensioned until 
the volume of foam material remaining resulted in the final buoyancy of the passive float 
equalling 220 N. Again, due to the complex geometries involved in cutting through a 
curved surface, the mass and volume information from SolidWorks analytical tools were 
used to determine the net buoyancy values for varying through-hole sizes. The center of 
the though-holes are positioned 140 mm from centerline of the guide tube and 180 mm 
from the plane of symmetry. This position aligns the through-holes near the center of 
buoyancy of the floats foam core.  
The reasoning for two symmetric through holes was to keep all the float components 
symmetric to avoid unwanted tilting. The location of the sheave prevents a single 
through-hole in the center. The ideal natural position of the float is to have its major axis 
aligned horizontally. This position will position the guide tube parallel to the mooring 
line. Excessive tilting of the passive float combined with currents could cause undesirable 
forces on the float such as lift and thrust.  Excessive tilting alone could cause additional 
friction between the guide tube and the mooring due to contact forces that would develop 
between the tube and cable to counteract the tilting. This friction will reduce the buoyant 
force of the passive float. 
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The rationale for the through-holes rather than pockets is it to eliminate the opportunity 
for air to become entrapped within the pockets that would alter the buoyancy. There is 
also an expected buoyancy discrepancy between the design and fabrication of the passive 
float. The through holes provide a convenient means to secure additional ring-shaped 
material to increase or decrease the passive floats buoyancy. The through-hole in the top 
half of the passive float is designed with a smaller diameter than the matching through-
hole in the lower half. Decreasing the diameter of the upper through-hole provides a 
shoulder to securely constrain a foam insert. For tank testing this is sufficient security and 
allows different sized foam rings to be quickly and easily interchanged without additional 
securing methods such as fasteners or adhesives. 
Additional foam and weight were required to trim the passive float such that its major 
axis is horizontal when it is in its stable equilibrium position. The passive float is 
designed with the sheave offset from the minor axis to match up with the sheave on the 
main body so that the electromechanical cable transitions from one sheave to the other in 
a vertical line. This arrangement generates a moment on the passive float that acts to 
displace it from the required stable equilibrium position. Half of the passive float is 
hollow so it does not generate any upward buoyant force on the opposite side of the 
sheave which would magnify the offsetting moment.  The buoyant force generated by the 
foam on the same side of the passive float as the sheave counteracts the moment caused 
by the cable tension. Unfortunately, due to the location of the tension force in the cable 
and the buoyant force in the float, the stable equilibrium position can not be obtained 
without adding weight to the hollow side of the passive float. Any negatively buoyant 
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force (weight) added to the passive float must be counteracted by an equivalent positive 
buoyant force to ensure the 220 N of positive buoyancy is maintained.  
An assessment of the passive floats free-body diagram illustrated in Figure 35 provided 
an initial estimate of the additional trim weight and foam required to ensure the major 
axis of the passive float is horizontal when it is in the stable equilibrium position. The 
SolidWorks analytical tools were used to determine the positive and negative buoyant 
forces acting on the float and the location of the forces. A value of 20 N was assumed for 
the trim weight (FTW) and trim foam (FTF). Equation 5.19 represents the sum of the 
moments about the centerline of the guide tube for the stable equilibrium position. Using 
the variables from the free body diagram listed in Table 8, the location of the trim weight 
(L1) that produce a 0 Nm moment was determined to be 283 mm from the centerline of 
the guide tube on the empty shell side of the passive float. 
 
Figure 35 Passive float free-body diagram 
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𝐹𝑇𝑊𝐿1 +  𝐹𝐹𝐶𝐿2 + 𝐹𝑇𝐹𝐿3 +  𝐹𝑆𝑇𝐿4 + 𝐹𝐶𝑇𝐿5 = 0 (5. 19) 
Table 8 Passive float free body diagram variables and solution 
Force due to trim weight, FTW -20 N 
Force due to trim foam, FTF 20 N 
Force due to foam core, FFC 261.2 N 
Force due to sheave and tube structure, FST -15.3 N 
Force due to sheave and cable tension, FCT -220 N 
Force due to shell, Fs -25.9 N 
Distance from centerline to FTF, L2 140 mm 
Distance from centerline to FFC, L3 144 mm 
Distance from centerline to FST, L4 90 mm 
Distance from centerline to FCT, L4 203 mm 
  
Distance from centerline to FTW, L1 289 mm 
5.3.4 Buoyancy and Stable Equilibrium Verification of the Passive Float 
The buoyancy of the passive float was determined using the same method as for the 
sensor float as described in section 5.1.4. The initial verification indicated that the passive 
float produced 198 N of positive buoyancy. To trim the passive floats buoyancy to 214.5 
N (220 N in sea water) 2.2  10-2 m3 (16.5 N) of HCP50 foam was added. They were 
added in the form of two 1.1  10-2 m3 rings as shown in Figure 36. The rings are 
designed to fit tightly within the lower through-hole on the passive float and they have a 
sloped surface to encourage air escapement. 
To verify the stable equilibrium position of the passive float a simple jig was designed 
and fabricated to allow the float to be submerged in the deep tank by cable tension acting 
on the sheave to simulate the submerged conditions when incorporated into the profiler 
system. Figure 37 illustrates the deep tank set up using the jig. The jig is position at the 
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bottom of the tank with one end of a cable anchored to it. The cable first passes through 
the sheave on the passive float and then through a sheave on the jig. The jig cable anchor 
point and the jig sheave are positioned such that the cable engages the sheave on the 
passive float vertically. The cable is then anchored to a point above the surface such that 
the passive float is completely submerged. The tension in the cable is generated by the 
buoyancy of the passive float. 
 
Figure 36 Passive float trim ring with sectioned view indicating the sloped surface 
 
Figure 37 Passive float stable equilibrium verification set up 
Sloped surface 
Jig cable anchor point Jig sheave 
Passive float 
Cable 
Surface cable anchor point 
Not to scale 
~180 mm 
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The verification of the initial equilibrium position of the passive float demonstrated that it 
was tilted approximately 28° as shown in Figure 38. Another jig was designed and 
fabricated to attach to the guide tube at the top of the passive float to measure the tilt and 
to help fine tune the equilibrium position. A single axis tilt indicator attached to the jig 
measures the inclination and a symmetrically mounted t-slot bar allows for the variable 
positioning of a mass to alter the equilibrium position. Symmetric construction and 
mounting of the jig are critical in order to not introduce other tilt inducing moments onto 
the passive float. 
 
Figure 38 Initial equilibrium position of 
the passive float, 28° tilt 
 
Figure 39 Corrected equilibrium position 
of the passive float
The moment required for the passive float to achieve the required stable equilibrium 
position can be determined from knowing the magnitude and relative position of the 
weight that produces a 0° tilt. Figure 39 shows the passive float in the required stable 
equilibrium position (0° tilt). This position was attained by placing a 10.4 N weight, 352 
mm from the centerline of the guide tube. This equates to a 3.66 Nm moment about the 
centerline of the guide tube (minor axis of the float). 
Mass Tilt indicator 
352 mm 
70 
 
To correct the stable equilibrium position of the passive float, a 3.66 Nm moment was 
generated by adding a weight to the hollow section and additional foam to the sheave 
section. As indicated in Section 5.3, when adding weight to correct the stable equilibrium 
position, foam with a buoyant force of equivalent magnitude must also be added to ensure 
the required buoyancy of the passive float is not altered. The design of the passive float 
restricts the position of additional foam to the through-holes. Therefore, the location of 
the weight had to be determined. Based on the moment diagram in Figure 40, Equation 
5.20 was used to determine that a 10.4 N weight must be symmetrically located 212 mm 
(L0) from the centerline of the guide tube along with two 5.2 N (6.8  10-3 m3) foam rings 
positioned in the through-holes. 
 
Figure 40 Passive float moment diagram to calculate weight position 
10.4 𝑁 × 0.14 𝑚 + 10.4 𝑁 ×  𝐿0 = 3.66 𝑁 ∙ 𝑚 (5. 20) 
 
 
140 mm 
10.4 N 
Weight 
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A 10.4 N lead weight was secured to the inside wall of the passive float at a distance of 
212 mm from the centerline of the guide tube, and two 6.8  10-3 m3 (10.4 N total) foam 
rings were positioned in the through-holes. The result was a passive float with 214.5 N 
(220 N salt water) of buoyant force, and the major axis horizontal (0°) in the stable 
equilibrium position. 
5.4 Main Body Design 
The main body of the profiler illustrated in Figures 41 and 42 consists of the buoyancy 
engine, the power supply, the frame, and the trim foam. Details of each of these 
components is provided in the subsequent sections.  
 
Figure 41 Profiler main body design 
Buoyancy 
engine 
Power 
supply 
Frame 
Trim 
foam 
~ 750 mm 
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Figure 42 Profiler main body - Orthographic projections with dimensions 
5.4.1 Buoyancy Engine Module 
The purpose of the buoyancy engine is to adjust the buoyancy of the main body. This is 
accomplished by pumping an incompressible fluid from a reservoir within the enclosure 
to a bladder outside of the enclosure. A buoyancy engine was chosen as the method of 
propulsion based on its successful use in other profiling systems such as Argo floats and 
gliders (Davis, Eriksen, & Jones, 2003). The hydraulic components required to build the 
system are used reliably in various industrial applications and are readily available. The 
hydraulic diagram representing the buoyancy engine designed for the profiler is 
illustrated in Figure 43. It consists of the following components. 
73 
 
1. An internal reservoir to store hydraulic fluid 
2. A motor and pump to push hydraulic fluid through the system 
3. Check valves to restrict flow to a single direction 
4. Solenoid valves to control flow through the system 
5. An accumulator to store hydraulic energy 
6. A pressure relief valve to protect the system 
7. An expandable/collapsible external bladder to store hydraulic fluid 
8. Tubing to connect components and direct hydraulic fluid through the system 
 
Figure 43 Buoyancy engine hydraulic circuit 
* Dashed red box represents encloses the components that are enclosed within the subsea enclosure 
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This particular arrangement of hydraulic components allows the profiler to operate 
through the ascent and descent cycle while only requiring hydraulic fluid to be pumped 
into the external flexible bladder to ascend. At the top of the ascent, the bladder will be 
located approximately 10 m below the surface. At this depth, there is approximately 1 bar 
of gauge pressure acting on the exterior of the bladder. The internal reservoir will be at 
approximately 0 bar (gauge). This pressure differential will cause the oil to flow from the 
bladder to the reservoir when a pathway is opened. Eliminating the requirement to pump 
the oil back into the reservoir reduces the energy requirement of the profiler. 
5.4.1.1 Operation of the Hydraulic Circuit 
To initiate the profiler’s primary ascent from its hibernation position at the bottom of the 
mooring line the pump begins to pressurize and fill the bladder. The pressure required is 
equivalent to the pressure generated at the submerged depth of the bladder; approximately 
one bar for every ten meters. No power is supplied to the solenoid valves during the 
initial ascent therefore they maintain their normally closed (NC) state. The check valves 
and solenoid valves direct the high pressure oil into the bladder and accumulator. The 
high pressure lines and components of the hydraulic system are highlighted red in Figure 
44. 
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Figure 44 Hydraulic circuit during the primary ascent with the high pressure 
lines and components highlighted red 
Once the required quantity of oil has been pumped into the bladder, the profiler will 
continue through the primary ascent and then through the secondary ascent to allow the 
sensor float to breach the surface. At this point the pressure in the bladder and connected 
tubing has decreased to an intermediate value since it depends on the external water 
pressure which is now approximately 1 bar (gauge). The oil is trapped in the bladder by a 
check valve, the pilot operated check valve, and the de-energized 2/2 NC solenoid valve. 
A check valve and the de-energized 3/3 NC solenoid valve trap high pressure oil in the 
accumulator. The oil pressure in the accumulator maintains a high pressure because the 
valves isolates it from the bladder pressure. The intermediate and high pressure lines and 
 
Bladder 
Accumulator 
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components in the hydraulic circuit are highlighted orange and red, respectively in Figure 
45. 
 
Figure 45 Hydraulic circuit after completion of the primary and secondary 
ascent with the intermediate (orange) and high pressure (red) lines and 
components highlighted 
To allow the profiler to descend back to it hibernation position at the bottom of the 
mooring line, the oil in the bladder is drained back into the internal reservoir. This is 
accomplished by using the hydraulic energy stored in the accumulator to open the pilot 
operated check valve via the 3/3 NC solenoid valve. Energizing the left side of the 
solenoid valve allows the high pressure fluid in the accumulator to flow through to the 
pilot operated check valve. The high pressure in the pilot opens the check valve which 
 
Bladder 
Accumulator 
2/2 NC 
solenoid valve 
Check 
valve 
3/3 NC 
solenoid valve 
Check 
valve 
Pilot operated 
check valve 
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opens a pathway to allow the intermediate pressure fluid in the bladder to flow back to the 
internal reservoir. It is not necessary to keep the solenoid valve energized until the 
bladder is completely drained. This is another energy economizing feature of the 
hydraulic circuit. Deenergized, the solenoid returns it to the closed position trapping the 
high pressure fluid in the pilot. This keeps the pilot operated check valve open to allow 
the bladder to continue draining.  Therefore, the solenoid only needs to be temporarily 
energized. The intermediate pressure and the high pressure lines and components in the 
hydraulic circuit are highlighted orange and red, respectively in Figure 46. 
 
Figure 46 Hydraulic circuit when draining the bladder with the intermediate 
(orange) and high pressure (red) lines and components highlighted 
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When the profiler has descended back to the bottom of the mooring the pilot operated 
check valve is still being held in the open position due to the high pressure oil trapped in 
the pilot line. Oil will be pumped back into the reservoir rather than the bladder on the 
next ascent cycle if the pilot operated check valve is not closed. The pilot operated check 
valve is closed by relieving the pressure in the pilot line. Temporarily energizing the right 
side of the 3/3 NC solenoid valve opens a pathway for the high pressure oil to flow back 
to the internal reservoir. This reduces the pressure in the pilot and results in the pilot 
operated check valve closing. The low pressure pilot line and components are highlighted 
in green in Figure 47.  
 
Figure 47 Hydraulic circuit to relieve pressure from the pilot operated check 
valve 
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The hydraulic circuit also allows for a redundant emptying process which is achieved by 
pumping the oil out of the bladder and back into the internal reservoir. Reversing the 
rotation of the bi-directional pump reverses the direction of flow. To drain the oil from 
the bladder via the pump, it needs to be rotated in the opposite direction and the 2/2 NC 
solenoid valve must be energized to allow the flow to bypass the check valve. This 
method requires the solenoid valve and pump to be powered until the bladder is 
completely empty. Since this is a much more energy intensive process, it is only intended 
to be used for emergency and testing purposes. The intermediate pressure lines and 
components of the hydraulic circuit are highlighted orange in Figure 48. 
 
Figure 48 Hydraulic circuit to pump oil from the bladder to the reservoir 
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5.4.1.2 Buoyancy Engine 
The final design of the buoyancy engine is shown in Figure 49. Detailed fabrication 
drawings are available in Appendix B, pages 324-350 and 392-393, and Appendix E, 
pages 417-426. Aside from the external bladder, the hydraulic and electronic/electrical 
components of the buoyancy engine are contained and protected inside the subsea 
enclosure. Two bulkhead connectors on the bottom of the enclosure allow for a 
connection to the electromechanical cable and the power source. A bellow type bladder is 
connected at the top of enclosure where it is constrained and protected by a cage. 
 
Figure 49 Buoyancy engine with enclosure sectioned and hydraulic system separate 
Subsea 
enclosure 
Bladder 
cage Bladder  
Hydraulic 
system  
~400 mm 
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The buoyancy engine was designed through a systematic process similar to the other 
subsystems of the profiler. First, the components identified in the hydraulic diagram were 
sourced and purchased from vendors, or designed and fabricated. Next the off-the-shelf 
components were modeled in SolidWorks and arranged together with the designed 
components in free space to form the final assembly. Then the hydraulic system was 
assembled and tested to verify its operation. Finally, the subsea enclosure was sized such 
that the hydraulic system could be adequately contained within it.   
5.4.1.3 Hydraulic Components 
5.4.1.3.1 Hydraulic Pump and Motor  
The pump chosen for the hydraulic system was a Takako TFH-40 bi-directional, inline 
axial piston pump. The specifications and performance curve for the TFH-40 pump can 
be found in Appendix A, pages 215-217. An axial piston pump was chosen in order to 
economize energy consumption. Axial piston pumps are capable of operating at a high 
pressure with a high overall operational efficiency (Eaton Fluid Power Training, 2010). 
As indicated by the performance curve, the TFH-40 has a maximum overall efficiency of 
85% when operating at 100 bar. When operating at the expected 20 bar (~200 m) the 
overall efficiency is 67%.  
The TFH-40 pump was also selected based on its small size. The linear dimensions of the 
pump are 77 mm  30 mm  30 mm. Compare to axial piston pumps typically used in 
other industrial application, the TFH-40 is diminutive. The small physical size of the 
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pump minimizes the space required for the hydraulic system and subsequently the subsea 
enclosure.  
The small physical size of the pump also translates into a small volumetric displacement. 
The TFH-40 pump has a volumetric displacement of 0.4 cm3 per revolution. The 
volumetric displacement along with the mechanical efficiency and maximum operating 
pressure results in a maximum input torque specification of 0.9 Nm. This torque can be 
produced by a small direct drive DC motor. A pump requiring a higher torque would need 
to use a motor with a gear reduction. The gear reduction would decrease the systems 
efficiency and therefore require more power. 
The motor that drives the pump must be able to deliver the torque and power required by 
the pump. The input torque (M) required by the pump is determine from Equation 5.21 
(Hatami , 2013). It is dependent on the pumps volumetric displacement (V), the operating 
pressure (p), and the mechanical efficiency (ηm).  
𝑀 =
1.59 ∙ 𝑉 ∙ 𝑝
100 ∙ 𝜂𝑚
 (5. 21) 
The input power (P) required by the pump is determined from Equation 5.22 (Hatami , 
2013). It is dependent on the pumps flow rate (Q), the operating pressure (p), and the 
overall efficiency (ηo). 
𝑃 =
𝑄 ∙ 𝑝
600 ∙ 𝜂𝑜
 (5. 22) 
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The pump flow rate (Q) is determined from Equation 5.23 (Hatami , 2013). It is 
dependent on the volumetric displacement (V), the operating speed (N), and the 
volumetric efficiency (ηv). 
𝑄 =
𝑉 ∙ 𝑁 ∙ 𝜂𝑣
1,000
 (5. 23) 
Based on an operating pressure of 20 bar (~200 m), and applying the THF-40 pump 
specification, the torque and power required by the pump are 0.18 Nm and 39.8 W, 
respectively. Table 9 summarizes the variables for, and the results from Equations 5.21, 
5.22, and 5.23. 
Table 9 THF-40 pump input torque and power requirements 
Operating pressure, p 200 bar 
Volumetric displacement, V 
Pump speed, N 
Mechanical efficiency, ηm 
Volumetric efficiency, ηv 
Overall efficiency, ηo 
 
Pump flow rate, Q 
Input Torque, M 
0.4 cm3 
2,000 RPM 
67 % 
100% 
67% 
 
0.8 l/min 
0.18 Nm 
Input Power, P 0.398 kW 
Through consultation with technical personnel at Anaheim Automation the BLWS234D-
36V-4000 brushless DC motor was selected to power the hydraulic pump. The 
specification sheets for the motor is available in Appendix A, pages 218-219. The rated 
voltage, speed, power, and torque of the motor are 36 V, 4,000 RPM, 134 W, and 45.32 
ozin (0.32 Nm), respectively. The application for the hydraulic system requires the 
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pump to run at a maximum voltage of 24 VDC and at a maximum speed of 2000 RPM. 
The Torque vs. Speed plots displayed in Figure 50 indicates that at 24 VDC the motor can 
deliver the required 0.18 Nm (25.5 ozin) of torque at a speed of 2800 RPM. The speed 
of a DC motor decreases with an increase in torque (Guru & Hiziroglu, 1995). Therefore, 
the selected motor will have additional torque capacity when operating at 24VDC and 
2000 RPM. Extrapolation of the 24 VDC Torque-Speed line to the 2000 RPM point gives 
a torque of 1.17 Nm (165 ozin). This is more than sufficient to deliver the 0.26 Nm 
(36.8 ozin) of torque required by the pump if operating at 30 bar (~300m) of pressure. As 
well, the torque required from the motor is less than the rated torque of 0.32 Nm (45.32 
ozin). Therefore, the motor can run continuously without overheating. 
Through interpolation between the 24 VDC and 12 VDC Torque-Speed lines, it was 
determined that the voltage at the 2000 RPM and 0.18 Nm (25.5 ozin) point is 18 VDC. 
Given the torque constant for the motor is 8.5 ozin/A the motor is expected to draw 3 A 
to deliver a torque of 0.18 Nm (25.5 ozin). The resulting power required by the motor 
will be 54 W. As indicated earlier, the power required by the pump is 39.8 W therefore 
the motor is operating at 73.7% efficiency. Ideally a brushless DC motor with a better 
efficiency would be used. Brushless DC motors are capable of efficiency in the range of 
85%-90% (Telco Intercontinental Corp., 2016). A more exhaustive search or purpose-
built motor could improve the efficiency. A 90% efficient DC motor would only require 
44.2 W to power the pump when delivering 20 bar of pressure. 
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Figure 50 BLWS234D-36V-4000 torque vs. speed plot with 25.5 
ozin, 2000 RPM, and 18VDC lines (solid red) added (Anaheim 
Automation, 2016) 
Figure 51 illustrates the motor and pump assembly for the hydraulic system. Three key 
components aside from the pump and motor are the manifold, the shaft coupling, and the 
encoder. The THF-40 pump is not supplied with a manifold for directing the flow out of 
or into the pump. The manifold shown was designed and fabricated to accept hydraulic 
fittings to connect the inlet, outlet, and drain line of the pump to the hydraulic system. 
The flexible helical shaft coupling joins the motor to the pump. The Ruland PCR12-1/4”-
6MM-H shaft coupling accommodates parallel (0.20 mm), angular (3°), and axial (0.13 
mm) misalignment between the shafts. The 0.79 Nm torque and 6000 RPM speed rating 
meet the demand from the application. The coupling also produces no backlash therefore 
2000 
3 
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it can be used for encoder applications. The detailed product specification sheet for the 
shaft coupling is available in Appendix A, page 220. The CUI Inc. AMT110 Modular 
Incremented Encoder is mounted to the shaft at the bottom of the motor. The encoder 
monitors the speed, position, and number of revolutions of the shaft. This data is used by 
the RoboteQ SBL1330 motor controller to control the speed of the motor. The product 
data sheets for the encoder and controller are available in Appendix A, pages 221-228. 
Controlling the motor speed and duration determines the volume of oil pumped. The flow 
of a positive displacement pumps is dependent on the volumetric displacement and is 
independent of pressure (Eaton Fluid Power Training, 2010). This characteristic allows 
control of the total pumped volume by dividing the required volume by the volumetric 
displacement to determine the number of revolutions required from the motor/pump. 
Once the count equals the number of revolutions, the motor is stopped. 
 
Figure 51 Pump and motor assembly 
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5.4.1.3.2 Hydraulic Oil Selection 
The TFH-40 pump specifications indicate that the acceptable viscosity range of the fluid 
is 15 to 370 cSt while the suitable viscosity range is 20 to 160 cSt. This information was 
used to select the hydraulic oil for the profiler. The oil selected is ISO 15 Bio-MIL-PRF-
32073 from Renewable Lubricants. The product data sheet is available in Appendix A, 
pages 231-232. The viscosity specifications for the oil are 170 cSt at -15°C, 14.18 cSt at 
40°C, and 3.81 cSt at 100°C. The specified operating temperature range for the profiler is 
-5°C to 30°C. To verify the viscosity at these temperatures the specification points for the 
oil were plotted with a vertical viscosity axis in the logarithmic scale (Figure 52). The 
logarithmic scale causes the characteristic curve for most hydraulic fluids to become 
linear (Hunt & Vaughan, 1998).   The plot indicated that the oil viscosities for -5°C and 
30°C are 108 and 22 cSt, respectively. These values are within the suitable viscosity 
range for the TFH-40 pump. Aside from meeting the viscosity specifications, the selected 
oil is a biodegradable biosynthetic fluid intended for use in environmentally sensitive 
areas. Given the fact that the profiler will be operating in a marine environment, 
practicing sound environmental stewardship is a responsibility.  
88 
 
 
Figure 52 Bio-MIL-PRF-32073 temperature vs. viscosity plot 
5.4.1.3.3 Hydraulic Valves Selection 
The valves in the hydraulic system were selected based on their compatibility with the 
viscosity range of the oil (108 cSt to 22 cSt) and their ability to function at the operating 
pressure (20 bar) and flow rate (0.8 l/min) of the of the pump. The solenoid valves were 
also selected against the additional criteria of the operating voltage (24 VDC maximum). 
All the valves were selected from the Hawe Hydraulik product line.  Poppet style valves 
were chosen over spool valves to guarantee against internal leaks within the valve 
(Parambath, 2016). An internal leak could result in the accumulator depressurizing and 
thus become unable to activate the pilot operated check valve to drain the bladder.  
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The specification sheets for the valves used in the hydraulic system are available in 
Appendix A, pages 233-243. The valves used in the hydraulic system are as follows. 
 One MV41 F R-250 pressure relief valve. The valve can operate at 700 bar with a 
flow through of 20 l/min. The pressure relief is set at 25 bars and can be manually 
adjusted from 0-80 bar. The optimal viscosity range of the oil is 10 cSt to 500 cSt. 
 Three B2-1 check valves. The valves can operate at 500 bar and a flow through of 
15 l/min. The optimal viscosity range of the oil is 10 to 500 cSt. The valve 
opening pressure is 0.4 - 0.5 bar therefore it will function under the minimum 
expected system pressure of 1 bar (~10 m) which is during the draining process. 
 One G 21-0-1/4-G24 directional control 3/3 normally closed solenoid valve. The 
valve can operate at 500 bar and a flow through of 6 l/min. The optimal viscosity 
range of the oil is 10 to 200 cSt. The solenoid operates on 24 VDC and has a 16 W 
maximum power consumption. 
 One G R2-0-1/4-G24 directional control 2/2 normally closed solenoid valve. The 
valve can operate at 500 bar and a flow through of 6 l/min. The optimal viscosity 
range of the oil is 10 to 200 cSt. The solenoid operates on 24 VDC and has a 16 W 
maximum power consumption. 
 One RH-2 pilot operated check valve. The valve can operate at 700 bar and a flow 
through of 35 l/min. The optimal viscosity range of the oil is 10 to 500 cSt. The 
volume of oil required to fully open the valve is 0.25 cm3. Since the valve is 
opened to drain the bladder when the profiler is at the top of the mooring line the 
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conservatively estimated pressure in the line connected to the valve is 2 bar. A 
worse case scenario could put the line pressure at 5 bar (pA). This will require a 
pilot pressure of 13 bar to initially open the pilot operated check valve (Figure 
53). The 13 bar (opening pressure is less than the 20 bar that can be generated and 
stored in the accumulator when at 200 m depth. Therefore, the valve is adequate 
for the hydraulic system. To keep the valve fully open a pilot pressure (pst) of 10.6 
bar is required as determined by Equation 5.24 (Hawe Hydraulik, 2017). It is 
dependent on the outlet pressure (pB), the pressure drop across the valve (∆p), and 
the pressure constant of the valve (k). The valve specifications for the pressure 
drop and pressure constant are 0.5 bar and 10 bar, respectively. An outlet 
pressures of 0.1 bar is based on a maximum expected hydrostatic head of 1m.  
𝑝𝑠𝑡 = 𝑝𝐵 + ∆𝑝 + 𝑘 (5. 24) 
 
Figure 53 RH-2 pilot pressure vs. line pressure with the 2 bar line 
pressure overlay (Hawe Hydraulik, 2017) 
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5.4.1.3.4 Accumulator Selection 
The accumulator for the hydraulic systems was selected based on its ability to deliver 
0.25 cm3 of oil at a pressure of 13 bar to the RH-2 pilot operated check valve.  The 
compatibility with the viscosity range of the oil (22 to 108 cSt) and the ability to function 
at the operating pressure (20 bar) were also considered.  A Hawe Hydraulik AC13-10 
miniature accumulator was selected. The AC-13-10 is a diaphragm style accumulator 
with a rated volume of 13 cm3 and a nitrogen pre-charge pressure of 10 bar. The 
specification sheets for the accumulator are in Appendix A, pages 244-245. 
To verify that the AC-13-10 miniature accumulator is capable of operating the RH-2 
check valve its 13 cm3 rated volume specification was compared against the required 
rated volume (V0) determined from Equation 5.25 (Sizing Accumulators, 2013).  
𝑉0 = 𝐶𝑎
∆𝑉
(
𝑝0
𝑝1
)
1 𝑛⁄
− (
𝑝0
𝑝1
)
1 𝑛⁄
 (5. 25)
 
The rated volume depends on several factors. The amount of oil required from the 
accumulator (∆V) is the 0.25 cm3 of oil demanded by the pilot operated check valve. The 
minimum working pressure (p1) of the accumulator is the 13 bar of pressure required to 
open the pilot operated check valve. The maximum working pressure (p2) of the 
accumulator is the 20 bar of pressure developed by the pump when the profiler is at its 
nominal operational depth (200 m).  A pre-charge pressure (p0) of 10 bar was selected 
based on the suggested criteria of being less than 90% of the minimum working pressure. 
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The gas expansion process (n) is 1.4 based on an expected adiabatic process due to the 
fast change in volume when opening the pilot operated check valve.  
Based on the variables listed and summarized in Table 10, 1.42 cm3 is the required rated 
volume of the accumulator. This is less than the 13 cm3 available, therefore the AC 13-10 
is adequate for the system. Using the same assessment formula, it was determined that 
13.6 bar (136 m) is the minimum operating pressure that the accumulator can operate the 
pilot operated check valve. The specifications for the AC 13-10 product line also 
indicates that for an adiabatic process the maximum working pressure should not exceed 
three times the minimum working pressure. Given the minimum working pressure is 13 
bar the maximum working pressure should not exceed 39 bar. The maximum operating 
pressure of the profiler is 30 bar (~300m). Therefore, the maximum working pressure will 
not exceed its limit. 
Table 10 Accumulator rated volume variables and results 
Oil required from the accumulator, ∆V 0.25 cm3 
Accumulator pre-charge pressure, p0 10 bar 
Minimum working pressure, p1 13 bar 
Maximum working pressure, p2 20 bar 
Gas expansion process, n 1 (adiabatic) 
  
Pressure ratio, p2/p1 1.54 
Correction factor, Ca 1.25 
  
Rated Volume, V0 1.42 cm3 
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5.4.1.3.5 Pilot Operated Check Valve and Accumulator Design 
The RH-1 pilot operated check valve identified in Sections 5.4.1.3.3 is not suitable for 
low pressure bench testing and shallow water field trials planned for water depths of 25 to 
50 m. The 11 bar minimum cracking pressure of the check valve is greater than the 5 bar 
of pressure that will be produced by the pump when the profiler is at a depth of 50 m. Due 
to the typical high pressure application of hydraulics, there were limited options for a 
replacement pilot operated check valve with a suitable cracking pressure.  
The pilot operated check valve was replaced with a Versa two way, normally closed, 
BSP-208 pilot operated check valve for bench testing and field trials. The specification 
sheets for this valve is available in Appendix A, page 246. The valve is suitable for 
hydraulic applications where the pressure does not exceed 34.5 bar (500 psi). A pilot 
pressure of 2.5 bar (36 psi) can open the valve with a line pressure up to 13.8 bar (200 
psi), therefore the valve is suitable for a 25 m deep (or greater) field test. 
The Versa valve requires 18.4 cm3 (1.12 in3) of oil to fully open which is a greater 
quantity than the 13 cm3 capacity of the AC-13 accumulator. Therefore, another 
accumulator was required to meet the demand of the Versa valve. Again, due to the 
typical high pressure application of hydraulics there were no options identified for an off- 
the-shelf replacement accumulator. The lowest minimum pre-charge pressure of an off-
the-shelf accumulators was 5 bar. This value is greater than the 2.5 bar (~25 m) 
operational pressure therefore the accumulator would not be able to store any hydraulic 
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energy. A custom spring loaded accumulator was designed and fabricated for bench 
testing and shallow water field trials. 
The custom accumulator design is illustrated in Figure 54. The designed required 
selecting a piston with the appropriate bore, stroke, and return spring rate to supply the 
required amount of oil at an adequate pressure to the pilot. It consists of a single acting 
hydraulic cylinder which was custom ordered without the internal return spring. An 
external sleeve was designed to thread onto the body of the cylinder to preload a 
compression spring and engage it with the cylinder’s piston. As oil is pumped into the 
cylinder the spring compresses and hydraulic energy is stored for use with the pilot 
operated check valve. This design is capable of delivering 18.4 cm3 (1.12 in3) of oil at a 
pressure of 1.4 bar (20 psi) or greater when the profiler operates at a depth of 25 m. 
Therefore, it is suitable for low pressure bench testing and a minimum shallow water field 
trial of 25 meters. Details of the design calculations are available from the Custom 
Accumulator Worksheet in Appendix C, pages 403-405. Specifications for the Vektek 
cylinder and McMaster-Carr spring are available in Appendix A, pages 247-249. 
Fabrication drawings for the parts are available in Appendix B, pages 347-348.  
It should be noted that the custom accumulator and Versa pilot operated check valve are 
not adequate substitutions for the originally selected accumulator and pilot check valve 
during regular operations.  The 18.4 cm3 of oil required by the Versa pilot operated check 
valves is 73.6 time greater than the Hawe (0.25 cm3). Therefore, it would require ~75 
times more hydraulic power to operate. 
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Figure 54 Custom accumulator assembly with sleeve sectioned 
5.4.1.3.6 Oil Reservoir Design 
The oil reservoir shown in Figure 55 was designed to hold 7.5 litres of pumpable oil. 
Pumpable oil refers to the quantity of oil above the protruding reservoir outlet to the 
pump. This protrusion into the reservoir helps to mitigate the risk of contaminates 
entering the system since they will tend to settle on the bottom below the level of the 
outlet. Three ancillary components of the reservoir are the filter unit, oil level sensor, and 
the breather vent. Detailed fabrication drawings for the hydraulic reservoir and breather 
vent are available in Appendix B pages 336-342. 
Sleeve 
Hydraulic 
Cylinder 
Spring 
Guide 
~105 mm 
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Figure 55 Hydraulic reservoir with the sidewall sectioned 
5.4.1.3.6.1 Filter Unit Selection 
An oil filter is required to protect the hydraulic system. The filter unit is located in the 
return line at the top of the hydraulic reservoir. All of the hydraulic oil passes though the 
filter before returning to the reservoir. If contaminates are not removed from the oil it can 
cause wear and damage of components and block flow creating a loss of lubrication. The 
results cause a degradation of system and component performance or outright system 
failure (Eaton Fluid Power Training, 2010).   
The filter unit selected was a Donaldson K040811. It was chosen based on its ability to fit 
the reservoir and to house the required filter element. The filter element was selected 
Oil level 
sensor 
Filter 
unit 
Hydraulic 
oil 
Breather 
vent 
Drain 
Outlet 
to pump 
~190 mm 
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based on the requirement of the axial piston pump. The pump is the system component 
most sensitive to contamination. The recommended ISO 4406 contamination code for an 
axial piston pump is 18/16/14 (Donaldson Company, Inc., 2017). ISO 4406 expresses the 
degree of oil contamination, and the 18/16/14 designation indicates the quantity of 
particles greater than 4 μm, 6 μm, and 14 μm in one millilitres of oil. The filter element 
selected to satisfy the filtration requirement was a Donaldson Synteq Synthetic P171525. 
The filter has a beta performance rating of β11(c) = 1000 as per ISO 16889 test standards 
(99.9% of particles ≥11 μm removed). It is suitable for the application because it exceeds 
the β12(c) = 1000 synthetic filter performance. This is indicated by the red overlaid 
18/16/14 line in the application guideline chart being above the β12(c) line, as illustrated in 
Figure 56. The filter element also has β<4(c) = 200 and β10(c) = 200 performance ratings 
which satisfies the β7(c) = 200 and β10(c) = 200 recommended performance ratings for axial 
piston pumps (Donaldson Company, Inc., 2017).  The specification sheets for the filter 
unit and element are available in Appendix A, pages 250-256. 
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Figure 56. Filter application guideline chart 
(Donaldson Company, Inc., 2017). 
5.4.1.3.6.2 Custom Breather Vent Design 
The profiler’s hydraulics system uses an open reservoir design. The open design means 
that it must be able to exchange the air in the reservoir with air outside the reservoir for 
the oil to flow properly. As oil is pumped out of the reservoir air needs to be let in, and as 
oil is drained back into the reservoir air needs to be let out. Otherwise, an excessive 
vacuum pressure that exceeds the suction pressure of the pump can form while pumping 
oil out. Excessive positive pressure that equals the flow generating bladder pressure can 
develop when draining oil back in the reservoir causing the flow to stop.  
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The filter unit selected for the profiler has a filtered breather vent that is incorporated into 
the design. Unfortunately, this breather vent does not keep oil from leaking out of the 
reservoir if the breather vent is located below the oil level of the reservoir. Typical 
hydraulic applications would not subject the breather vent to such a condition.  However, 
it is reasonable to assume the breather vent for the profiler application could be subject to 
this condition. The profiler is expected to be transported and stored in a horizontal 
position. During deployment it could experience excessive tilting and motion that sloshes 
the oil in the reservoir.  
The breather vent built into the filter unit was capped and a custom breather vent was 
designed using a Gore Polyvent XL PMF200542. The specifications are available in 
Appendix A, pages 257-258. The intended industrial application is for equalizing the 
pressure in outdoor electronic enclosures while keeping out exterior contaminates such as 
oil. The vent consists of an oleophobic expanded polytetrafluoroethylene membrane 
housed and protected in a sealable cap (Figure 57). The membrane repels and prevents the 
penetration of oil while allowing air to pass through it. The model selected allows a 
maximum of 16 l/min to pass through it at a pressure differential of 0.012 bar. Based on 
the pumps specified flow rate of 0.8 l/min and a minimum suction pressure of -0.1 bar 
(gauge), the vent is suitable for the application. 
The vent must be installed such that proper side of the membrane is exposed to the oil. 
For the reservoir the vent must be installed such that the face with the O-ring is against an 
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interior surface of the reservoir. To keep the vent out of the splash zone it was mounted to 
the reservoir in a snorkel to position it above the top of the reservoir (Figure 55).  
 
Figure 57 Gore Polyvent XL PMF200542 sectioned 
view (GORE, 2016) 
To verify the performance of the custom breather vent the reservoir was filled with 8 l of 
oil and held in a horizontal position. The reservoir was also orientated such that the 
breather vent was at the lowest point and completely submerge below the oil. After a 64 
hours there was no leakage visually detected. 
5.4.1.3.6.3 Oil Level Sensor Selection 
The oil level in the reservoir is a critical parameter to monitor. The oil level is directly 
related to the quantity of oil in the reservoir. If the amount of the oil in the reservoir is 
known, then the quantity of oil in the external bladder can be determined. It can also be 
used to detect system leaks if there is a change in level over time. The oil level sensor 
chosen is a Gill 4233-2TN-390-B capacitance liquid level sensor. It was selected based on 
its compatibility with the hydraulic oil being used, the operational voltage, a low power 
Units are in mm 
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consumption, and its dimensions are configurability to fit the reservoir. The specifications 
for the sensor are available in Appendix A, pages 259-261. As noted in the specifications, 
the lower 8mm of the probe does not have a linear relationship. Therefore, the length of 
the probe was configured such that when it is installed in the reservoir the non-linear 
section of the probe is positioned below the outlet to the pump. The oil can not be 
pumped below this level; therefore, all the sensor readings will be in the linear range. 
To use the liquid level sensor to determine the volume of oil in the reservoir its voltage 
output was calibrated against the volume of oil in the reservoir. This was done 
empirically by varying the quantity of oil in the reservoir and plotting the volume of oil 
versus the output reading of the sensor. The volume was determined from the oil’s 
specific gravity and the mass of oil in the reservoir. The volume is equal to the mass 
divided by the density. Based on the 0.88 specific gravity specification, the density of the 
oil is 880 kg/m3. The mass of the oil was determined from a bench scale.  
To collect the data required for the calibration plot, the empty reservoir was place on a 
scale and zeroed. Then the reservoir was filled with oil until the sensor reading was close 
to 100% full reading. The mass, voltage, and sensor level were recorded at this point. 
Increments of approximately 250 ml of oil were drained from the reservoir into a 
graduated beaker. After each increment, the mass, voltage, and sensor level were 
recorded. The mass values were converted to volume, and the sensor voltage and level 
readings were plotted against the reservoir volume (Figure 58). The plot indicates the 
relationship between the volume of oil in the reservoir and the voltage output from the 
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sensor. The equation of the linear line of best fit for the voltage versus the volume plot is, 
𝑦 = 1.713𝑥 + 0.172; where the reservoir volume is y and the sensor voltage is x. 
 
Figure 58 Sensor voltage and level vs. volume plot 
5.4.1.3.7 Hydraulic System Frame Design 
To provide structure, rigidity, and support to the hydraulic system a simple frame was 
designed (Figure 59). Detailed fabrication drawings are available in Appendix B, pages 
324-335. The aluminum baseplate of the frame has through holes that allow it to be 
securely connected to the bottom end cap of the enclosure and for wiring to pass through 
it. A series of brackets attached to the baseplate provides a rigid mounting surfaces for the 
hydraulic, electrical, and electronic components. The four threaded rods attached to the 
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baseplate are also attached to an intermediate ring plate and an end ring plate to support 
and secure the reservoir, and to provide rigidity. Rubber inserts on the periphery of the 
plates fill the gap between the outside diameter of the frame and the inside diameter of the 
enclosure. This constrains the lateral movement of the frame within the enclosure and 
eliminates metal on metal contact between the frame and the enclosure. 
 
Figure 59 Hydraulic system support frame 
5.4.1.4 Bladder Design 
The external bladder was custom fabricated by Aero Tech Laboratories (ATL). The 
company specializes in the design and manufacture of bladder containment systems. They 
have experience making bladders for subsea operations, gliders, and Argo floats. Their 
Baseplate 
Brackets 
Intermediate 
ring plate 
End ring 
plate 
Threaded rod 
Rubber insert 
~360 mm 
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clients include Wood Hole Oceanographic Institute (WHOI) and Scrips Institute of 
Oceanography (SIO). The design worksheets for the bladder fabricated by ATL is 
included in Appendix D, pages 407-410. The final product was a bellows style bladder 
with a capacity to hold 8 litres of hydraulic oil. The bladder is also furnished with an 
SAE-4 ORB flange fitting for connecting it to end cap of the enclosure.  
5.4.1.4.1 Bladder Cage Design 
The bladder cage illustrated in Figure 60 is designed to contain and protect the bladder; 
especially when it is in the inflated state. Detailed fabrication drawing for the components 
are available in Appendix B, pages 389-392. The top plate constrains it from extending 
past its inflation limit, and the rods keep it from excessively deviating off center which 
could apply unwanted stress to the bottom flange and connection to the enclosure. 
Threaded rods provide mechanical structure for the cage. The rods thread into the top 
endcap of the enclosure and bolts onto the end plate of the cage. A PTFE sleeve covers 
the exposed threads of the rods between the cap and end plate. All other surfaces that the 
bladder could potentially contact are rounded, smooth, and fabricated from PTFE or Ultra 
High Molecular Wight Polyethylene (UHMW). This minimizes wear and abrasion on the 
bladder if it rubs against these surfaces during inflation and deflation or from oscillations 
caused by moving water. 
105 
 
 
Figure 60 Bladder cage design 
5.4.1.5 Subsea Enclosure Design 
The subsea enclosure is designed to contain and protect the hydraulic, electronic, and 
electrical components. It was designed and fabricated by NV Mechanical Design based 
on the tender specifications available in Appendix E, pages 412-416. The detailed 
fabrication drawings for the subsea enclosure are also available in Appendix E, pages 
417-426. The tender addresses the enclosures working environment, the seals, and the 
securement of the end caps.  It also provides details for threaded features required to 
attach the bladder and bladder cage, the hydraulic system, and bulkhead connectors for 
the electromechanical cable and power cable.  
UHMW 
top plate 
Enclosure 
top endcap 
Threaded rod 
w/ PTFE sleeve  
UHMW bladder 
base support 
Bladder 
~150 mm 
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One of the key specifications of the tender are the interior dimensions of the enclosure. 
The interior dimensions define the volume of the enclosure. The enclosure must have a 
sufficient volume to permit the pump to operate within its pressure limits, specifically the 
suction pressure at the inlet. The inlet suction pressure specification for pump is -0.1 to 
0.3 bar (gauge).  
As oil is pumped out of the reservoir and into the bladder, the air pressure decreases in the 
enclosure. This phenomenon is described by the ideal gas law (Equations 5.26). The law 
is dependent on the pressure (p), volume (V), Temperature (T), number of moles (n), and 
the ideal gas constant (R). Absolute pressure and temperature in degrees Kelvin must be 
used with the ideal gas law. Since the enclosure is a sealed system, the quantity of air 
does not change; i.e. n is constant. Therefore, the ideal gas law can be used to equate two 
states (Equation 5.27).  
𝑝𝑉 = 𝑛𝑅𝑇 (5. 26) 
𝑝1𝑉1
𝑇1
=
𝑝2𝑉2
𝑇2
 (5. 27) 
In state 1 is the volume of air in the enclosure is at its minimum (no oil pumped into the 
bladder). In state 2 the volume of air in the enclosure is at it maximum (7.5 litres of oil 
pumped into the bladder). The enclosure must have a sufficient volume of air in state 1 
such that the pressure does not drop below -0.1 bar (0.9 bar absolute) after the volume has 
increased by 7.5 litres. It should also be assumed the enclosure would be sealed in an 
environment at atmospheric pressure (1 bar absolute) and room temperature (293 °K). 
107 
 
When the oil is pumped out, it could be in an environment where the temperature is as 
low as 268 °K (-5 °C). Under these conditions, Equation 5.27 was used to determine that 
450 litres of air space is required in the enclosure at state 1. The variables used are 
summarized in Table 11. 
Table 11 Enclosure volume calculation variables 
Initial enclosure pressure, p1 1 bar (absolute) 
Final enclosure pressure, p2 0.9 bar (absolute) 
Initial enclosure temperature, T1 293 °K 
Final enclosure temperature, T2 268 °K 
Initial enclosure volume, V1 V1 
Initial enclosure volume, V2 V1 + 7.5 l 
It is not feasible or functional to use an enclosure that has an interior air volume of 450 
litres. Therefore, it was decided to pressurize the enclosure in state 1 to reduce the volume 
of air space required. Pressurizing the enclosure to 0.2 bar (1.2 bar absolute) results in a 
more reasonable state 1 volume requirement of 34.1 litres.  
The hydraulic system components that are housed in the enclosure require a minimum 
space that is 240 mm in diameter and 994 mm high. Based on the SolidWorks analytical 
tools, within this space the components occupy a volume of 12.7 litres.  Therefore, the 
minimum enclosure volume required is 46.8 l. The minimum dimension specification in 
the tender for the enclosure were set to a 254 mm inside diameter and 1,000 mm inside 
length. These dimensions produce an enclosure with a satisfactory internal volume of 
47.1 litres. 
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5.4.1.6 Hydraulic Tubing, Hoses, and Fittings 
The majority of the high pressure plumbing used to connect the hydraulic components is 
custom bent steel tubing to allow for a compact assembly. A high pressure hose was used 
where flexibility was a requirement for ease of assembly; from the reservoir outlet to the 
pump inlet; from the main return line to the filter inlet; and from the outlet to the bladder. 
Flexible tubing was used to avoid fabricating complex rigid routes required for the pumps 
low pressure drain line, and the low pressure pilot drain line. British Standard Parallel 
Pipe (BSPP) and compression fittings were used to plumb the components together. A 
model of the hydraulic system highlighting the components, and the type of plumbing and 
fittings used is shown in Figure 61. 
 
Figure 61 Assembly model of the hydraulic system 
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5.4.1.7 Buoyancy Engine Bench Testing 
A series of validation tests were conducted on the buoyancy engine prior to installing it 
within the enclosure. The first test was to verify the function and reliability of the 
automatic drain feature using the accumulator to open the pilot operated check valve. The 
second test was to observe the effects of temperature change on the flow rates, and the 
power consumption of the pump. The third test was conducted to determine the pumps 
output volumes for each rotational direction.  
The bench testing used a double acting hydraulic cylinder to simulate the submerged 
bladder (Figure 62). The cylinder was mounted vertically such that the rod end actuated 
upwards when oil was pumped into the lower port, and the upper port was vented to 
atmosphere. To simulate bladder pressure, lead weight was added to a plate attached to 
the rod end. The weight required to develop a desired pressure is determined by 
multiplying the pressure by the area of the cylinder bore. The mass is determined from 
dividing the weight by the acceleration due to gravity. The bore diameter of the cylinder 
is 50.8 mm (2 in.) and the stroke length is 152.4 mm (6 in.).  
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Figure 62 Buoyancy engine bench test set up with hydraulic 
cylinder simulating the bladder 
5.4.1.7.1 Automatic Drain Functionality and Reliability Test 
The test procedure listed below was followed to assess the functionality and the reliability 
of the automatic drain feature. The procedure simulates a profile cycle from a depth of 25 
meters (2.5 bar) to a depth of 10 meters (1 bar).  
1. Place 50.6 kg of lead on the cylinder plate to simulate a pressure of 2.5 bar (~25 m 
depth). 
Lead 
weight 
Hydraulic 
cylinder 
Buoyancy 
engine 
~250 mm 
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2. Send a command to the pump to fill the cylinder with 0.3 litres of oil to raise the 
lead weight by filling and pressurizing the accumulator.  
3. Wait a minimum of 30 seconds. 
4. Replace the 50.6 kg of lead on the cylinder plate with 30.3 kg to simulate a 
pressure of 1 bar (~10 m depth).  
5. Send a command to open solenoid one for one second to pressurize the pilot line 
of the pilot operated check valve to cause it to open. 
6. Wait until the cylinder completely drains to lower the lead weight. 
7. Send a command to open solenoid two for one second to relieve the pressure on 
the pilot line of the pilot operated solenoid valve to cause it to close. 
8. Repeat steps 1-8. 
The initial tests failed due to a failure to depressurize the pilot line which resulted in the 
pilot operated check valve not closing. When the cycle was repeated, the oil would flow 
directly into the reservoir rather than filling the cylinder. This issue was resolved by 
plumbing the pilot drain line separately to the reservoir rather than through the same drain 
line as the bladder.  
With the new plumbing route for the pilot drain line implemented, the procedure was 
successfully repeated two hundred times without any observed problems. The results 
validated the functionality of the feature and provided confidence in the reliability. The 
system was also able to drain automatically when a 50.6 kg mass was left on the cylinder 
for the full cycle. This indicates that the automatic drain feature can function when the 
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line pressure is 2.5 bar. 2 bar is the maximum line pressure expected due to variations in 
the depth of the subsea buoy beyond 10 m. 
5.4.1.7.2 Temperature Effects on Power Consumption and Flow Rate 
The typical operating environment expected for the profiler during field tests is about 
5°C. A decrease in temperature increases the viscosity of the oil, as demonstrated by the 
plot in Figure 52. The viscosity of the oil affects the resistance to flow. The flow 
resistance increases with an increase in viscosity due to higher frictional effects due to the 
fluids resistance to shearing (Munson, Young, & Okiishi, 1994).  This can result in 
sluggish operation of the valves and an increase in energy consumption (Eaton Fluid 
Power Training, 2010).  
To observe the temperature effects on the hydraulic system, profiles were simulated using 
the bench test setup in environments with four different temperatures, and four different 
operating pressures. The ambient temperatures were 4.5°C, 10.5°C, 13.0°C, and 23.5°C. 
The pressures were 0.98 bar (20.3 kg), 2.01 bar (41.5 kg), 2.88 bar (59.6 kg), and 3.73 bar 
(77.0 kg). The pressure was limited to 3.73 bar due to the instability of the stacked 
weights creating a safety concern.  
During the pumping process, to raise the applied load, the current drawn by the motor 
was recorded. The total drain time was also recorded. The drain time was measured from 
the time the pilot line to the pilot operated check valve was pressurized to the time the 
cylinder rod bottomed out. The tests were repeated three times and averaged. The current 
113 
 
drawn was converted to power consumption by multiplying it by the 24 VDC supplied to 
the motor. The drain time was converted to flow rate by dividing the volume of the 
cylinder by the time required for the cylinder empty. 
The graph in Figure 63 characterizes the effect of temperature on the pump’s power 
consumption. All four pressures scenarios experience an increase in power demand as the 
temperature decreased from 23.5 °C to 4.5 °C. The drainage flow rate deceases as the 
temperature decreased from 23.5 °C to 4.5 °C (Figure 64). The power data can be used to 
estimate the pump’s power consumption during field trials where the expected depth and 
temperature are 50 m (5 bar) and 5°C, respectively. Extrapolating the 4.5 °C data to a 
pressure of 5 bar (50 m) gives a power requirement of approximately 30 W per profile. 
The flow rate data can be used to estimate the bladder drainage time during field trials. 
Assuming the bladder is filled to 6.5 l, the time required to drain the bladder will be 
approximately 10 minutes when the line pressure is 1 bar, and the ambient temperature is 
5°C. It is important not to begin filling the bladder again until it is fully drained or else 
the bladder could rupture, or the profiler may not operate as intended. The fill and drain 
control will initially be based on a time schedule but eventually needs to improve to one 
based on feedback from the tank level sensor. 
During the cold (4.5 °C) oil temperature testing, the pilot operated check valve 
consistently failed to open resulting in the failure of the cylinder to drain. Increasing the 
energization time from one to two seconds resolved the issue. The slower flow rate due to 
the higher viscosity at low temperatures was the issue. 
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Figure 63 Ambient temperature vs. power consumption 
 
Figure 64 Ambient temperature vs. drainage flow rate 
bar bar bar bar 
bar bar bar bar 
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5.4.1.7.3 Pump Validation Tests 
During bench testing operations it was observed that the pump delivers a different flow 
rate depending on the rotational direction of the pump. Validating the flow rates in both 
directions is critical to ensuring the intended quantity of oil is pumped into or out of the 
bladder. The initial validation was quantified with a graduated cylinder. The hydraulic 
cylinder was removed from the bench test setup and replaced with a 1,000 ml graduated 
cylinder. A hydraulic fitting was installed on the bottom of the graduated cylinder and 
connect to the buoyancy engine. 2000 counter clockwise revolutions of the pump 
delivered 815 ml of oil to the graduated cylinder while 2000 clockwise revolutions only 
removed 660 ml from the graduated cylinder. The 0.408 cm3 per revolution flow rate 
while pumping into the cylinder matches the pump specification of 0.4 cm3 per 
revolution. However, the 0.33 cm3 per revolution flow rate while pumping out of the 
cylinder is 18% less than the specification. 
The flow rate bench test was extended to filling and emptying the larger volume of the 
bladder. The bench test for this set up consisted of replacing the graduated cylinder with 
the bladder. The bladder was positioned on a scale and zeroed. Using the 0.88 kg/m3 
density specification for the oil, the mass for various volumes from 4 to 6.5 litres was 
determined. The pump output revolutions were then adjusted until the mass indicated on 
the scales matched the mass for the desired volume. Similarly, once the volume matching 
mass was achieved the number of pump revolutions to empty the bladder were adjusted 
until the scale mass returned to zero. Table 12 summarizes the masses, volumes, and 
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corresponding pump revolutions flow rates to fill and empty the bladder. The larger 
volume reveals an average fill flow rate of 0.396 cm3 per revolution and an average 
empty flow rate of 0.327 cm3 per revolution. This information is required for 
programming the volume of oil being pumped.  
Table 12 Pump flow rate validation results 
Volume 
(l) 
Mass 
(kg) 
Fill 
Revolutions 
Fill flow rate 
(cm3/revolution) 
Empty 
Revolutions 
Empty flow rate 
(cm3/revolution) 
4 3.52 10,089 0.396 12,229 0.325 
5 4.40 12,598 0.397 15,277 0.327 
6 5.28 15,137 0.396 18,347 0.327 
6.5 5.72 16,402 0.396 19,882 0.327 
5.4.2 Profiler Power Source 
The power source selected for the profiler was a rechargeable lithium-ion battery. The 
specific battery selected was a Standard “Big Jim” “A” type high capacity battery from 
SubCtech. The battery has a nominal voltage of 25.2 VDC, a 90Ah capacity, and 2279 
Wh of energy. The maximum continuous discharge current of the battery is 7A and it is 
submersible in sea water up to 300 m. The specification sheets for the battery are 
available in Appendix A, pages 267-269. This battery was selected because it is capable 
of supplying 24 VDC and the estimated 4.5 A maximum current demand required by the 
profiler. It also satisfies the 200 m operating depth and -5 to 30°C temperature conditions. 
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The high energy density available from lithium ion batteries results in more energy in a 
smaller volume.  
Table 13 below summarizes the expected energy demand per profile based on the 
information available from the component specification sheets. The duration of the power 
consumption was based on an estimated profiling rate of 0.25 m/s, and an assumed 6.5 
litre bladder volume with a 0.8 l/min flow rate. Field deployments of 50 m are estimated 
to consume 4.75 Wh per profile and full deployments of 200 m are estimated to consume 
14.53 Wh. The selected battery will provide a maximum endurance of 480 profiles for a 
50 m deployment and 157 profiles for a 200 m deployment.  
Table 13 Profiler energy consumption estimate for 50 m field trials and 200 m full 
deployment 
System 
Power 
(W) 
Duration 
 (h) 
Energy 
(Wh) 
 50m 200m 50m 200m 50m 200m 
Hydraulic 30 90 0.135 0.135 4.06 12.18 
Sensors and controller system 10 10 0.056 0.222 0.56 2.22 
Telemetry 4 4 0.033 0.033 0.13 0.13 
    
Total   4.75  14.53 
5.4.3 Frame 
The frame for the main body which is illustrated in Figures 65 and 66 is a basic but 
important component of the system. Detailed fabrication drawing for the frame are 
available in Appendix B, pages 351-388. The main purpose of the frame is to house the 
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buoyancy engine and battery, as well as to mount two of the pulleys that make up the 
compound pulley system. The structural members of the frame are fabricated from 
rectangular aluminum tubing connected together with aluminum gussets plates and 
brackets using stainless steel fasteners. This method of construction was chosen over 
weldments for the ease of making modifications. The mooring cable passes through the 
eyelets of the frame to secure the profiler to the subsea mooring. The UHMW lined 
eyelets have the same opening diameter as the guide tube on the passive float to allow for 
the mooring cable assembly to pass through it.  
Since the electromechanical cable routes through and attaches to components on the 
frame, potential contact points are designed with smooth and rounded surfaces, and use 
low friction materials (PTFE/UHMW) to minimize wear and abrasion. A series of cable 
guides aid in the routing of the electromechanical cable through the frame.  A drum on 
the bottom of the frame can store excess electromechanical cable to allow control over the 
amount of cable available to be payed out during the secondary ascent. The drum also 
acts as a locked capstan to reduce the stress on electromechanical cable connection point 
at the buoyancy engine enclosure. 
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Figure 65 Main body frame design 
The buoyancy engine is positioned adjacent to the main vertical structural member. It is 
constrained in the vertical direction by the top and bottom plates. In the lateral direction, 
it is constrained by all three plates and the attached UHMW plate. The UHMW plate and 
rubber gasket material between the end plates eliminate metal on metal contact between 
the frame and the buoyancy engine enclosure. A radially protruding pin located on the 
circumference the bottom end cap of the enclosure mates with a groove in the bottom 
UHMW plate to constrain the buoyancy engine from rotating. The locating pin also 
ensures the enclosure is positioned correctly within the frame for connecting the battery 
and electromechanical cables to the bulkhead connectors. Its also ensures it is positioned 
correctly for operation of the pump emergency kill switch. 
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Figure 66 Main body - Orthographic projections with dimensions 
The battery is positioned adjacent to the buoyancy engine and is constrained vertically 
and laterally within the frame in a similar manner as the buoyancy engine. An adjustable 
battery clamping cap allows for the length variations between the standard and XL 
SubCtech batteries. A notch in the clamping cap engages the batteries bulkhead connector 
to prevent the battery from rotating. 
The pulleys located on the top horizontal structural member are constructed in the same 
manner as the pulley on the passive float apart from the mounting bracket. The pulleys 
are located such that the sensor payload float is positioned 1.5 m from the mooring cable 
and to ensure the electromechanical cable transitions from the frame pulley to the passive 
float pulley in a vertical line. 
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The electromechanical cable guide located at the end of the top horizontal structural 
member serves two purposes. It is aligned above the pulley to transition the 
electromechanical cable vertically into the pulley grove. It also prevents the tapered end 
of the Trustlink from retracting into the pulley groove which could jam it due to a wedge 
effect. 
5.4.3.1 Pump Emergency Kill Switch  
Ensuring that the bladder does not rupture due to over inflation is a critical requirement of 
the profiler.  Proper monitoring of the pump output and/or the oil level in the reservoir 
will prevent the bladder from overfilling and rupturing. However, an emergency kill 
switch was designed as a fail safe.  The kill switch design uses a magnet and Hall-effect 
switch to signal the pump to turn off when the bladder expands to the end limit of the 
bladder cage.   
A Hall-effect sensor is a transducer that varies its output voltage depending on the 
influence from a magnetic field. The switch design takes advantage of the low magnetic 
permeability property of the aluminum buoyancy engine enclosure. Aluminum has the 
same magnetic permeability property as air and water, thus it has negligible influence on 
the magnetic field. This allows for the Hall-effect sensor to be housed inside the 
enclosure while the magnet is located outside. The magnetic field, if strong enough, can 
penetrate the water gap, aluminum side wall, and interior air gap to influence the sensor. 
The main benefit of this switch design is that it does not require an external sensor with 
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wires that would need to connect through an additional bulkhead connector. Every 
bulkhead connector used is a source for leaks to occur and should be minimized.  
A D68-N52 neodymium magnet was selected based on its ability to produce a magnetic 
field strong enough to activate the AH9246 Hall-effect switch. The specification sheets 
for the magnet and Hall-effect switch are available in Appendix A, pages 262-266. The 
specifications for the Hall-effect switch indicate that a minimum magnetic field strength 
of 9 Gauss is required for operation. Equation 5.28 was used to determine the flux density 
of the magnetic field (Bz) for a cylindrical magnet (Camacho & Sosa, 2013). It is 
dependent on the strength of the magnet (Br), the relative permeability of the media 
surrounding the magnet (μr), the length of the magnet (L), the radius of the magnet (R), 
and the axial distance from the end of the magnet (z).  
𝐵𝑧 =
𝜇𝑟𝐵𝑟
2
(
𝑧
√𝑧2 + 𝑅2
−
𝑧 − 𝐿
√(𝑧 − 𝐿)2+𝑅2
) (5. 28) 
When the bladder reaches the end plate of the bladder cage the axial distance from the 
south pole face of the magnet to the marked face of the AH9246 Hall-effect switch is 32 
mm. The resulting magnetic field produced at the location of the Hall-effect sensor is 36 
Gauss. The equation variables are summarized in Table 14.  Since the 9 Gauss 
requirement for operation is exceeded, the magnet is sufficient for the application. The 
magnet can produce a magnetic field ≥9 Gauss at an axial distance up to 55 mm from the 
switch.  
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Table 14 Magnetic field strength calculation variables 
Strength of the magnet, Bz 14,800 Gauss 
Relative permeability (water, air, aluminum), μr 1 
Length of the magnet, L 12.7 mm 
Radius of the magnet, R 4.76 mm 
Axial distance from the end of the magnet, z 32 mm 
The profiler frame has a mounted pivot arm with the neodymium magnet potted at the 
end (Figure 67). A linkage connects it to another pivot arm mounted on the bladder cage. 
As the bladder is filled it raised the arm mounted on the bladder cage which through the 
linkage, simultaneously raises the arm with the embedded magnet. When the bladder 
reaches the end limit of the bladder cage the south pole face of the magnet will be 
positioned 32 mm from the marked face of the Hall-effect switch that is mounted inside 
the buoyancy engine enclosure. CAD drawings of the components are available in 
Appendix B, pages 384-389. 
 
Figure 67 Pump emergency kill switch design 
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5.4.4 Buoyancy of the Main Body  
The total buoyancy of the main body (buoyancy engine, battery, and frame) with the 
bladder empty is negative 484.7 N. The buoyancy of the individual components was 
determined by submerging them in the deep tank and measuring the weight with a load 
cell. The buoyancy engine is -224.6 N with the bladder empty, the battery is -61.7 N, and 
the frame is -198.4 N. With the bladder empty the net buoyancy of the profiler should be 
negative 20 N in sea water (negative 42.9 N in freshwater) for the profiler to sink. 
Therefore, the buoyancy of the main body must be trimmed with foam to add 130.3 N of 
freshwater buoyant force to achieve the desired net buoyancy. Table 15 below 
summarizes the freshwater and sea water buoyant forces of the profiler components and 
the net buoyancy of the system with an empty bladder. 
Table 15 Freshwater and sea water buoyant forces of the profiler components and the 
profiler’s net buoyancy (empty bladder) 
Component 
Freshwater 
Buoyancy (N) 
Sea water 
Buoyancy (N) 
Sensor Float +97 +99.4 
Passive Float +214.5 +219.9 
Buoyancy Engine -224.6 -219.1 
Battery -61.7 -60.2 
Frame -198.4 -193.6 
Main Body Trim Foam +130.3 +133.6 
Net buoyancy of the profiler -42.9 -20.0 
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The trim foam must be positioned on the frame of the main body such that the stable 
equilibrium position has the vertical strength member orientated vertically. To determine 
the required location point of the trim foam the sum of the moments for the free-body-
diagram of the main body in the desired equilibrium position was solved using sea water 
buoyancy values. Based on the diagram in Figure 68, Equation 5.29 was used with the 
variables summarized in  
Table 16 to determine that centre of buoyancy of the trim foam must be located 148 mm 
from the centerline of the eyelets. As the quantity of oil changes in the bladder so to does 
the stable equilibrium position of the main body. Therefore, for the calculation it was 
chosen to use the buoyant force for the buoyancy engine with 3.5 litres of oil in the 
bladder (about half full) rather than the empty or full state. 
 
Figure 68 Main body free-body diagram 
𝐵𝑃𝐹𝐿𝑃𝐹 +  𝐵𝑇𝐹𝐿𝑇𝐹 + 𝐵𝑆𝐹𝐿𝑆𝐹 −  𝐵𝐵𝐸𝐿𝐵𝐸 −  𝐵𝐵𝐿𝐵 − 𝐵𝐹𝐿𝐹 = 0 (5. 29) 
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Table 16 Main body free-body-diagram variable 
Passive float buoyancy, BPF 219.9 N 
Trim foam buoyancy, BTF 133.6 N 
Sensor float buoyancy, BSF 99.4 N 
Buoyancy engine buoyancy, BBE 185.1 N 
Battery buoyancy, BB 60.2 N 
Frame buoyancy, BF 193.6 N 
Distance from eyelet centerline to BPF, LPF 203 mm 
Distance from eyelet centerline to BSF, LSF 1639 mm 
Distance from eyelet centerline to BBE, LBE 319 mm 
Distance from eyelet centerline to BB, LB 591 mm 
Distance from eyelet centerline to BF, LF 686 mm 
  
Distance from eyelet centerline to BTF, LTF 148 mm 
Through an iterative process, the shape of the trim foam block was developed until its 
center of buoyancy, when installed on the frame, matched the required position. The 
buoyant force and center of buoyancy for the foam was determined using the SolidWorks 
analytical tool. The shape of the foam is illustrated in Figure 69. It follows the contour of 
the frame plates which have a 2:1 elliptical shape to provide a streamlining effect. 
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Figure 69 Main body trim foam shape 
5.4.5 Verification and Trimming of Profiler’s Buoyancy 
The complete profiler was assembled and placed in the deep tank for final buoyancy 
trimming and verification. To completely submerge the system in the deep tank, the 
sensor float and passive float had to be retracted and attached as close to the main body as 
possible. A load cell was then used to measure the weight of the system. As indicated in 
section 5.4.4 the freshwater buoyancy of the profiler should be -42.9 N to have a sea 
water buoyancy of -20 N. The initial test indicated the value was -29.9 N. An additional 
13 N of weight was added to the bottom of the profiler to achieve the required -42.9 N 
buoyancy. 
  
~240 mm 
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6 Subsea Mooring Design 
The subsea mooring (excluding the hard stops) used for the field trial was designed and 
fabricated by Mark Downey an Oceanographic Assistant with the Physical Oceanography 
research group at Memorial University. The subsea mooring consists of a pair of 16 inch 
spherical subsea buoys and a 200 kg anchor to provide 72 kg of buoyant force to keep the 
mooring line taught. The mooring line is a 0.25 inch diameter vinyl coated steel cable 
terminated at each end with thimbles. The thimbles allow the mooring cable to be easily 
connected with shackles to the buoys and the anchor. They also allow the cable to be 
thread through the passive float guide tube and the frame eyelets. This feature allows the 
profiler to be easily and quickly secured to the subsea mooring at the deployment site. An 
additional feature added to the subsea mooring design were upper and lower limit hard 
stops. The two-piece hard stops clamp onto the cable at the top and bottom of the 
mooring. The purpose of the hard stop is to safely limit the travel of the profiler. Without 
the stops, the shackles at the ends of the mooring cable can wedge in the opening of the 
guide tube or eyelets and impede the operation of the profiler. Detailed fabrication 
drawing of the hard stop is available in Appendix B, page 397. 
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7 Control System, Electrical and Electronics 
The architecture for the profilers control system was developed by Glenn Cutler at the 
Autonomous Oceans Systems Laboratory of Memorial University. This included sourcing 
the majority of required electrical and electronic components for the control system; 
interfacing the components; and writing the software to operate the system. 
Within the sensor float and the buoyancy engine module, the profiler incorporates the 
many sensors, actuators, instruments, controllers, and devices outline in this document. 
The software/hardware architecture for the profiler is illustrated in Figure 70. The system 
is controlled with three programmable microcontrollers, a BeagleBone Black and two 
Teensy 3.2. It also uses several data transmission methods between the various 
components; ethernet, RS232, and CAN (Controller Area Network) Bus. 
The BeagleBone Black (BBB) single board computer is located in the sensor float and is 
used as the primary controller. The custom Linux software running on the BeagleBone 
Black is the most complex of the three controllers. All commands, responses, and data 
sent to and from various parts of the system go through the BeagleBone (Cutler, 2018). 
The two other controllers (main body controller and secondary controller) are connected 
to the primary controller via a CAN Bus, the AHRS and Vector instruments are 
connected to the BBB via RS232, and the Iridium and Wi-Fi antenna are connected via 
ethernet.  
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The Teensy 3.2 secondary controller which is also located in the sensor float serves as an 
expansion for the primary controller. The Altimeter, GPCTD (with 43F pump), and GPS 
are connected to it via RS232. This controller operates based on commands from the 
primary controller via the CAN bus. 
The Teensy 3.2 main body controller is located in the buoyancy engine subsea enclosure. 
This controller operates the buoyancy engine.  It controls the valves, power to the motor 
controller, and the speed and number of revolutions of the hydraulic pump motor. It 
receives data from the hydraulic tank level sensor, the motor controller, Hall-effect 
switch, and the main battery through RS232 serial ports. It communicates with the 
primary controller via CAN Bus. 
Aside from controlling the motion and data collection and transmission of the profiler, the 
custom software developed and embedded into the controllers also ensures optimal power 
management. To maximize the deployment duration components are only powered when 
necessary. The motor controller, tank level sensor, and Hall-effect switch are only 
powered while the pump is on. The oceanographic sensors are only powered during the 
ascent to the surface. The telemetry components are only powered while at the surface. 
Since the profiler spends the majority of the time at the sea bottom waiting to profile, the 
software puts the system in hibernation. While in hibernation, 0.3 Watts of power is 
consumed. This is just enough power to maintain an internal alarm clock to awaken the 
profiler at the next set time interval. 
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Figure 70 Profiler hardware/software architecture (Cutler, 2018) 
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8 Field Deployment 
South Arm of Holyrood Bay was selected as the test site for the field deployment tests. 
The water depths in this area range up to 52 meters within 2 km from the vessel support 
site, Holyrood Marine Base. The profiler deployment requires support from two vessels. 
One vessel must be equipped with a crane for hoisting the profiler into and out of the 
water and a winch for lowering and raising the mooring anchor. The second vessel 
provides support on the water to release the profiler from the crane and to ensure there are 
no entanglements. The two vessels used for the field trial deployments were the Marine 
Institute’s M.V. Inquisitor (117 t, 24.9 m) for the main deployment and the Narwhal (2.56 
t, 11 m) for support.    
8.1 Transportation Skid 
A skid was designed and fabricated to safely secure the profiler during vehicle and vessel 
transportation. Figure 71 illustrates the skid design and Figure 72 shows the skid in use on 
the deck of the Inquisitor. The skid was designed with a footprint that allows it to fit in 
the back of a pickup truck for conveniences of transportation. Detailed CAD drawings of 
the skid components and assembly are available in Appendix B, pages 398-401.
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Figure 71 Transportation skid design 
 
Figure 72 Skid on the Inquisitor deck 
8.2 Deployment Procedure 
The basic procedure listed below was followed to deploy the profiler.  
1. Anchor main support vessel at deployment site. 
2. Thread the mooring cable through the guide tube on the passive float and the 
eyelets on the frame. 
3. Attach the hard stops at the top and bottom of the mooring cable. 
4. Attach the anchor chain to the bottom of the mooring line and the subsea floats to 
the top. 
5. Attach the anchor to the winch. 
6. Deploy the subsea mooring buoy(s) off the aft end of the vessel. 
~1050 mm 
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7. Deploy the sensor float and passive float off the aft end of the vessel. 
8. Use the crane to position the main body in the water at the aft end of the vessel. 
9. Use the small support vessel (Narwhal) to ensure there are no entanglements. 
10. Release the main body from the crane. 
11. Use the winch to lower the chain anchor to the sea floor. 
Steps 9 and 10 of the deployment procedure proved to be the most complicated and 
riskiest part of the deployment. In step 9 all of the components are in the water but not yet 
set in their final position. They are highly susceptible to entanglement at this point since 
there are two independent cable systems (mooring and electromechanical) with limited 
constraints, and four separate bodies at the surface (subsea buoy, main body, passive float 
and the sensor float). Once the main body is release from the crane it quickly sinks below 
the surface, pulling on the cables, floats and the buoy. It took two alert people aboard the 
support vessel to manage the position and orientation of the system and components to 
ensure a proper deployment as shown in Figure 73. It should be noted that a typical 
deployment would not have a surface marker buoy attached to the profile. As well, the 
winch cable would be removed and an acoustic release would be used to recover the 
profiler. 
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Figure 73 Schematic of Field Trial Profiler Mooring Deployment   
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9 Field Deployment Test Results 
Field testing was done over four separate deployments in South Arm to assess the 
operation of the profiler. The main features to assess were; the ability of the buoyancy 
engine to cycle through the primary and secondary ascent and descent; the ability of the 
sensors to measure and collect data, the power consumed by the system; and the overall 
performance of the profiler. All four deployments used a subsea mooring with the subsea 
buoy positioned approximately 10 meters below the surface. The quantity of 
electromechanical cable made available for payout was 19 meters.  
9.1 First Field Deployment 
The goal of the first deployment was to become familiar with deploying and operating the 
profiler, and to assess its performance. The deployment was performed in a water depth 
of 32 meters. The buoyancy engine was set to pump 6.5 litres of oil into and out of the 
bladder for the ascent and descent. The automatic drain feature using the pilot operated 
check valve was omitted from the first field test to limit the functions to assess. 
The depth versus time plot for the ascent of one of the profile cycles is shown in Figure 
74. There are several points of interest as follows. 
 The solid blue line indicates the sensor float begins the ascent at a depth of 23.5 m 
and the rate of ascent increases with time. The sensor float reaches the surface 
which was also confirmed from visual observation (Figure 75). 
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 The vertical purple dashed line indicates the time that the sensor float reached the 
surface, 240 s.  
 The vertical red dashed line indicates the time that the pump stopped, 417 s.  
 The sloped green dashed line indicates the maximum rate of ascent, 0.25 m/s 
The 0.25 m/s maximum rate of ascent is within the 0.3 ± 0.1 m/s specification goal 
identified in section 3.1. A profile depth greater than 23.5 m should experience a higher 
maximum rate of ascent. The sensor float reached the surface 170 seconds before the 
pump stopped, therefore, there will be more buoyant force available for propulsion on 
deeper profiles. The profiler does not reach the 0.2 m/s lower limit of the ascent rate until 
190 seconds have elapsed.  At this point, the profiler had ascended 11.5 m. Over a 23.5 m 
profile, approximately 50% of the water column is profiled at a rate less than the specified 
range. However, this percentage will decrease as the depth of the profile increases. Over a 
200 m profile only the lower 6% would be sampled below the specified ascent rate. 
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Figure 74 First field deployment - Sensor float depth vs. time plot for the 
ascent 
 
Figure 75 First field deployment - Sensor float 
breaching the surface during ascent 
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Due to calm and clear conditions, the profiler’s descent could be observed only partially 
from the deck of the vessel. It appeared that the passive float was unable to retract the 
sensor float to the frame during the descent.  This observation explains the start of the 
sensor float ascent at a depth of 23.5 m. Based on the 32.5 m depth of the water at the 
deployment site and the dimensions of the profiler, the sensor float should start the profile 
at approximately 28 meters if it was fully retracted to the frame. This information implies 
the sensor float had 4.5 m (28 m – 23.5 m) of electromechanical cable released. This 
observation was further verified by the Remotely Operated Vehicle video taken during 
the second deployment, which is detailed in the next section. 
The profiler’s battery voltage and battery current versus time plots are shown in Figure 
76. Points of interest on the plot are as follows. 
 The red circle indicates the point when that the sensor float reached the surface. 
 The green circle indicates the point when the pump stops.  
When the pump stops, the hydraulic system is no longer demanding power from the 
battery. The horizontal line of the plot after the green circle indicates that the power 
required by the sensors and control system is constant. At this point the supply current is 
0.506 A and the battery voltage is 26.15 V. Therefore, the power required by the sensors 
and control system is 13.2W. 
When the profile begins, the battery supplies 26.15 V and 1.442 A to the pump, sensors, 
and control system. This maximum power demand from the system is 37.7 W. As the 
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sensor float first reaches the surface it reduces to 33. 2 W (1.268 A and 26.15 V). 
Therefore, the maximum and minimum power required from the hydraulic system are 
24.5 W and 20 W, respectively. The decrease in the hydraulic power demand is expected 
because the power is dependent on the pressure it is working against. The pressure acting 
on the bladder decreases as the depth decrease. The 24.5 W power requirement from the 
hydraulics is comparable to the pump power versus temperature plots in Figure 63. At a 
temperature of 10°C and a simulated depth of 29 m (2.9 bar), the power demand was 
approximately 24.2 W. 
 
Figure 76 First field deployment - Profiler battery voltage vs. time and battery 
current vs. time plots 
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The profiler was successful collecting oceanographic and performance data from its suite 
of sensors during the ascents. Figure 77 displays the data from the CTD (Salinity, 
Temperature, Depth, and Dissolved Oxygen) and the ECO FLS (Chlorophyll) sensors. 
The sea water of the upper two meters of the water column has less salinity than the water 
below it. The temperature deceases from 10.4 °C at the surface to 9.5 °C at the bottom of 
the profile. The dissolved oxygen also decreases with depth, from 7.5 ml/l to 7.25 ml/l. 
The chlorophyll value spikes to 1.45 μg/l at a depth of 10 m but drops back to 0.7 μg/l 
near the surface and at the bottom of the profile.  
Figure 78 displays the Velocimeter sensor measurements. This raw data has not been 
post-processed to correct for the motion of the sensor float. The profiler reaches the 
surface at the 240 s mark and at this point the Velocimeter protrudes from the water into 
the air. This corresponds with the spike in the beam 1 velocity measurement, and it is also 
the point at which all the measurements become more erratic due to wave motion.  
The unfiltered Altimeter measurements are displayed in Figure 79. There appears to be a 
significant amount of corrupt measurements present in the plot. These measurements are 
represented by the 200 m points which is the maximum range of the altimeter. The cause 
may be attributed to the orientation of the sensor float which positions the altimeter with 
an ~10 to 15° pitch from vertical. The ideal orientation of the altimeter is vertical, and 
error in the head alignment can give rise to unreliable results. Filtering the 200 m points 
from the data results in a plot that clarifies the sensor floats altitude from the sea floor 
(Figure 80). 
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The measurement from the Vector’s AHRS (Roll, Pitch, and Yaw rates of the sensor 
float) are displayed in Figure 81. The sensor float exhibits good stability with respect to 
pitch and roll. This is attributed to the ability of the buoyant force of the sensor float to 
develop a moment that resists those motions. The lever arm of the buoyant force is greater 
for the pitch than it is for the roll which is evident by the pitch and roll rates experienced. 
The buoyant force of the sensor float is perpendicular to the yaw motion and therefore 
cannot develop a moment to resist it. As a result, the sensor float experiences its greatest 
rate of motion in this direction. All three motions are very erratic when the sensor float 
reaches the surface (240 s mark) where it is subjected to wave action. 
 
Figure 77 CTD and ECO FLS sensor water column measurements 
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Figure 78 Velocimeter measurements 
 
Figure 79 Unfiltered Altimeter measurements 
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 Figure 80 Filtered Altimeter measurements 
 
 
Figure 81 Vector ARHS measurements 
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9.2 Second Field Deployment 
The goal of the second field deployment was to test the automatic drain function of the 
profiler and to visually observe the operation using a small eyeball class Remote 
Operated Vehicle (ROV) and submersible cameras mounted to the profiler’s frame. The 
deployment was conducted at a location with a water depth of 40 meters. The buoyancy 
engine was set to pump 6.5 litres of oil into the bladder and the automatic drain feature 
using the pilot operated check valve and accumulator was used to drain the oil from the 
bladder back into the reservoir. 
The depth versus time plot for the descent of the profiler is shown in Figure 82. Points of 
interest on the plot are as follows. 
 The vertical red dashed line indicates the time that the pilot operated check valve 
is opened, 1,021 s.  
 The vertical green dashed line indicates the time when the oil in the reservoir has 
returned to its original level (80.1%), 1,443 s.  
 The sloped purple dashed line indicates the maximum rate of descent, 0.11 m/s 
The accumulator and pilot operated check valve combination was successful in draining 
the bladder. At a flow rate of 0.92 l/min it took 422 s to drain the 6.5 litres of oil from the 
bladder into the reservoir. This is comparable to the ambient temperature versus drainage 
flow rate data in Figure 64 of section 5.4.1.7.2. At a temperature of 5°C and a simulated 
depth of 15 m (1.5 bar) the drainage flow rate was approximately 1.1 l/min. 
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Figure 82 Second field deployment sensor float depth vs. time plot for the descent 
Two points of interest observed with the ROV during the second field trial was the 
arrangement of the profiler at the bottom and the top of the mooring line, as well as, its 
arrangement as it ascended and descended.  
Figure 83 is a screenshot from the ROV video while observing the profiler at the bottom 
of the mooring line. As expected from the first field trial the profiler is not behaving as 
expected. At the bottom of the profile the sensor float should be retracted back to the 
frame. As highlighted in the screenshot, the sensor float is not retracted back to the frame 
and is approximately 12-15 m of electromechanical cable is still payed out. The red oval 
indicates where the sensor float should be positioned at this time. The same situation 
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occurs during the descent from the top of the mooring line (Figure 84).  The vertical 
separation between the passive float and the upper stop indicates that the profiler is 
descending at this point. The red oval is where the sensor float should be positioned but it 
is out of the shot due to the payout of electromechanical cable. This is due to the passive 
float not having the buoyant capacity to retract the sensor float. Visual observation from 
the ROV confirmed that the profiler maintains this arrangement during the ascent and 
descent cycles.  
Screenshots of the bladder in its empty state (0 l) and full state (6.5 l) are shown in 
Figures 85 and 86, respectively. They appear relatively similar to the tank test and bench 
test observations.   
 
Figure 83 Second Field Trial - Profiler at the bottom of the mooring 
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Figure 84 Second Field Trial- Profiler descent from the top of the mooring 
 
Figure 85 Empty bladder state (0 l) 
 
Figure 86 Full Bladder state (6.5 l) 
9.3 Third Field Deployment 
The goal of the third deployment was to trim the buoyancy of the sensor float such that 
the passive float would be able to retract it. This was accomplished through an iterative 
process of adding 0.28 kg shackles to the antenna mast of the sensor float when it 
breached the surface during the ascent cycle. The option of adding foam to the passive 
Passive Float 
Profiler Main Body 
Electromechanical Cable 
Sensor Float 
Upper Stop 
Subsea buoy 
Bladder 
Bladder 
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float was not viable since it is submerged, and the profiler would need to be retrieved for 
each iteration of foam addition. The third deployment was located at N 47°24´ W 53°08´ 
in a water depth of 52 m. The buoyancy engine was set to pump 6.5 litres of oil into and 
out of the bladder for the ascent and descent. 
The mass required to be added to the sensor float to ensure it retracted was 1.12 kg (4 
shackles). Figures 87 and 88 show the ROV screenshots of the profiler at the bottom and 
the top of the mooring, respectively. It is evident from the screenshots that the sensor 
float is retracted back to the frame at these points.  
 
Figure 87 Third Field Trial - Profiler at the bottom of the mooring 
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Figure 88 Third Field Trial- Profiler at the top of the mooring. 
Through observations with the ROV, the profiler maintains the sensor float in the 
retracted position during the primary and secondary ascent. The added mass was 
successful in reducing the buoyancy of the sensor float such that the passive float could 
retract it. Unfortunately, the magnitude of the sensor float’s reduced buoyancy did not 
have the capacity to lift the weight of the main body to progress through the secondary 
ascent.  This is illustrated from the depth versus time plot for the profile in Figure 89. The 
sensor float maintains a depth of 20 m after the pump stops at the 417 s mark as indicated 
by the vertical red dashed line. Additional buoyancy needs to be added to the main body 
by pumping more oil into the bladder to decrease its weight. Unfortunately, at this point 
communication could not be made with the profiler since it was submerged. There was 
also insufficient time remaining in the day to retrieve the profiler to make a 
communication link and continue with testing. 
Sensor Float 
Profiler 
Main Body 
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Figure 89 Third field deployment sensor float depth vs. time plot 
for the ascent with the 1.2 kg of mass added to the sensor float 
An interesting observation was made from the sensor float depth versus time plot when 
only 0.84 kg of mass was added (3 shackles), Figure 90. The sensor float begins the 
ascent profile at 41.2 meters compared to 44.5 meters for the fully retracted profile with 
1.2 kg of mass added to the sensor float. Therefore, the sensor float is not fully retracted 
during the ascent but only 3.3 meters of cable are payed out. This is evident from the 
screen shot from the ROV video, Figure 91. The payout is much less then the 12-15 m 
from previous field tests with no mass added to the sensor float.  At the 284 s mark the 
passive float reaches the upper mooring stop and the sensor float hold at a depth of 15 m 
until approximately the 376 s mark. This is indicated by the purple and blue dashed lines. 
During this time the weight of the main body exceeds the 3:1 capacity of the sensor float. 
Oil is still pumping into the bladder at this point and continues to until the 418 s mark; the 
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red dashed line. At the 376 s mark the wet weight of the main body is reduced sufficiently 
to allow the sensor float to lift it and start the secondary ascent.  The average rate of 
ascent during the secondary ascent is 0.06 m/s. At the 642 s mark the sensor float 
breaches the surface, Figure 92. This data and the observations made with the ROV 
indicate the profiler has the ability to operate as intended.  The buoyancy of the sensor 
float, passive float, and/or main body need to be optimized.  
When the sensor float mass was increased by 0.28 kg from 0.84 kg to 1.12 kg it lost the 
ability to cycle through the secondary ascent. Since the sensor float has a 3:1 mechanical 
advantage the mass of the main body needs to reduce by 0.84 kg (3  0.28 kg) to allow 
the profiler to cycle through the primary and secondary ascent. This is equivalent to 8.24 
N, or increasing the output of the buoyancy engine by ~0.824 litres. 
 
Figure 90 Third field deployment - Sensor float depth vs. time 
plot for the ascent with the 0.84 kg of mass added to the float 
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Figure 91. Third field deployment - Sensor float electromechanical 
cable payout during the ascent (0.84 kg of mass added) 
 
Figure 92 Third field deployment - Sensor float breaching the 
surface (0.84 kg of mass added) 
Sensor Float 
Profiler Man Body 
Payed out 
Electromechanical 
Cable 
Sensor Float 
at the surface 
Passive Float 
Subsea Buoy 
Profiler 
Main Body 
154 
 
9.4 Fourth Field Deployment 
The goal of the fourth deployment was to test the profiler with an increase in the 
buoyancy of the main body to adjust for the 1.12 kg of mass added to the sensor float. 
The option of adding foam to the passive float was considered but excluded due to the 
uncertainty of introducing a different variable. The fourth deployment was located at the 
same location as the third deployment; N 47°24´ W 53°08´ in a water depth of 52.  
The buoyancy engine was set to pump 7.5 litres (an additional litre from the 3rd field trial) 
of oil into and out of the bladder for the ascent and descent. The result of the depth vs 
time plot is shown in Figure 93. The profiler only makes a partial secondary ascent and 
does not breach the surface. The plot and raw data indicate that 2.3 meters of 
electromechanical cable was payed out during the secondary ascent. However, 
observations from the ROV (Figure 94), and the GoPro (Figure 95), show that the sensor 
float payed out an estimated 6 meters of cable. The system stopped measuring data before 
this point.  
Post-deployment review of the ROV videos and the raw data indicated that 7.5 litres of 
oil was not pumped into the bladder. Figure 96 shows a screenshot of the bladder filled to 
its maximum point for the profile. Observations from prior bench testing and a manual fill 
and empty cycle prior to the fourth deployment indicated the bladder should contact the 
top of the bladder cage when it is filled with 7.5 litres of oil. This did not occur as 
indicated in the screenshot. The level is comparable to the bladder fill level seen in the 6.5 
litre profiles (Figure 86). Review of the battery voltage and current plot in Figure 97 show 
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that power was cut off from the pump at the 417 s mark. This is the same amount of time 
as the previous three field trails when pumping 6.5 litres of oil into the bladder.  A 
positive displacement pump needs more time to pump more volume. Without the 
additional 1 litre of oil pumped into the bladder, the profiler was not capable of 
performing the secondary ascent to breach the surface. 
 
Figure 93 Fourth field deployment - Sensor float depth vs. time plot
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Figure 94 Fourth field deployment – 
ROV screenshot of the maximum sensor 
float payout 
 
Figure 95 Fourth field deployment – 
GoPro picture of the maximum sensor 
float payout
 
Figure 96 Fourth field deployment - Bladder not filled with 7.5 litres of oil 
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Figure 97 Fourth field deployment – Battery voltage and current vs. time 
Additional analysis of the raw data available from the depth versus time plot and the 
battery voltage and current versus time plots revealed the following information about the 
profile. 
 The average rate of the primary ascent was 0.27 m/s. Compared to the other field 
trials with less weight on the sensor float, the start of the ascent takes longer due 
to the need to overcome the additional weight. 
 The average rate of the secondary ascent was 0.006 m/s. It starts at the 338 s mark 
which is similar to the 376 s experienced in the third field trials. There is little to 
no holding period between the primary and secondary ascent for the fourth field 
trial. This is due to the slower time it takes for the passive float to reach the upper 
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stop. There is enough oil pumped into the bladder when the passive float reaches 
the subsea buoy to start the secondary ascent. 
 The maximum system power demand is 43.6 W (29.05 V and 1.5 A) at the start of 
the profile where the bladder is at a depth of 47 m. Once the pump cuts off and 
only the sensors and control system are operating, the power demand is 13 W 
(29.07 V and 0.45 A). This is the same power demand as the other field trials. The 
resulting maximum power demand from the hydraulic system is 30.6 W. 
Two key observations were made during the fourth field trail to provide assurance of the 
system operation. The first observation was that the sensor float could be raised to the 
surface through the secondary ascent cycle by pushing upwards on the bottom of the 
profiler’s frame with the ROV. This is essentially simulating additional buoyant force. 
The pushing force from the ROV was removed when the sensor float breached the surface 
and the sensor float was able to maintain its position at the surface rather than retracting. 
This implies that the system is very close to achieving the buoyancy required. The second 
observation was that the descending profile after the sensor float was at the surface 
behaved as expected. The sensor float first retracted back to the frame before the 
complete system descended to the bottom of the mooring line.  
Due to time and budget constraints the fourth field trial was the last test conducted with 
the profiler. 
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10 Conclusion and Future Work 
The principal aim of this work was to pursue a novel approach to a viable alternative 
autonomous moored profiler to characterize the water column of the continental shelf. A 
concept was theorized then designed and developed into a functional prototype capable of 
operating in an open ocean environment for field testing. 
The profiler design can be considered a hybrid of a wire follower type profiler. A unique 
characteristic of the system is that it is constrained by a subsea mooring to protect it from 
the harsh environment of the surface. However, it can also sample the water column 
above the mooring and make a telemetry link at the surface. The profiler relies on a 
hydraulic buoyancy engine for the primary means of propulsion and a compound pulley 
arrangement as the secondary means. Another unique characteristic of the systems is that 
the hydraulic buoyancy engine only requires power for propulsion during the ascent.  
Field testing was conducted over four separate deployments at Holyrood Bay in water 
depths up to 50 meters. The system closely exhibited the behaviours expected but 
ultimately did not perform exactly as intended.  However, the data collected from the 
profiler’s instruments and sensors, in conjunction with the visual observation made with 
an ROV indicate a high potential for the profiler to operate successfully. The inability to 
perform as designed was attributed to a lack of buoyancy output from the buoyancy 
engine. An increase in the output volume of the buoyancy engine provides more lifting 
capacity to sensor float which allows it to deploy to the surface during the secondary 
ascent.   This is an issue that can be easily remedied by increasing the capacity from the 
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intended 6.5 l to 7.5 l, or greater. Unfortunately, the increase in buoyancy capacity from 
the buoyancy engine requires more energy. In an attempt to minimize the energy 
consumption, the system was designed with low limits on the balance of the 
system/component buoyancy values. Based on the buoyancy values provided previously 
in Table 15, the passive float only has 10.6 N of extra lifting capacity to retract the sensor 
float, and the sensor float only has 13.7 N of extra capacity to deploy from the main body.  
The low limits on the buoyancy capacities does not provide a lot of tolerance for parasitic 
loads on the system such as friction in the pulleys, and contact between the 
electromechanical cable and the guides, or the mooring cable and the guides. As well, 
drag on the components caused by currents could impose a resistive lifting or depressing 
force. The impact of these forces coupled with the low buoyancy limits may have been 
the cause failure of the system to behave as intended under the initial deployment setup 
(before adjusting the system/component buoyancy values).  
The profiler was successful in sequentially completing the primary and secondary ascent 
to breach the surface with the sensor float before completing the secondary and primary 
descent. The only issue was that the sensor float was not fully retracted during the 
primary ascent and descent which increases the risk of entanglement. During the profiles 
the sensors were able to successfully measure and record the characteristics of the water 
column. The only exception was the altimeter which exhibited unreliable data. 
Minimizing energy consumption was a key objective during the design process. Field 
testing revealed the instrumentation, sensors, and control system profiler consumed more 
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power than expected. It required approximately 13 W compared to the estimated 10 W 
expected. The maximum demand from the buoyancy engine was 30.6 W at ~50 meters. 
This was very close to the 30 W expected, based on the bench temperature test results. 
The power demand needs to be further minimized to make it a viable solution for long 
term profiling up to five times a day. There are several approaches that can be considered 
which are indicated at the end of this section 
Due to the mobility between the cables, sensor float, passive float, and main body, the 
deployment of the profiler was a tedious ordeal. It required favourable sea conditions, 
support from secondary vessel, and multiple able bodied personnel. Temporarily 
constraining the components of the profiler together as one cohesive unit would 
significantly improve the ease of deployment, reduce the number of personnel required, 
and possibly eliminate the need for a secondary vessel requirement. 
There is a significant amount of potential work that should be completed in order to 
further validate the design, and to improve power consumption and ease of deployment. 
The following work is listed in order of priority. 
 Develop and implement a method to communicate with the profiler when it is 
submerged. This would only be required during field testing where it would be 
advantageous to have the capability to take over control of the buoyancy engine. 
 Complete a fifth field deployment under the same conditions as the fourth field 
deployment to verify that the profiler performs exactly as intended when 7.5 litres 
of oil is pumped into the bladder. 
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 Complete further field deployments of longer durations, greater depths, and more 
adverse conditions to asses the performance. 
 Focus on the development of a more efficient buoyancy engine. Optimize the 
brushless DC motor paired with the pump. Investigate using a de-intensifier in the 
hydraulic system. A de-intensifier is a hydraulic intensifier operated in reverse. A 
de-intensifier requires oil at high pressure and low volume from the pump to 
output low pressure and high volume to the bladder. The axial piston pump used 
in this application has a maximum efficiency of 85%, but only at a pressure of 100 
bar. When operating at 20 bar (~200 m) the efficiency is only 67%. A 5:1 de-
intensifier would cause the pump to work at 100 bar and 85% efficiency to deliver 
20 bar to the bladder. The volume pumped into the de-intensifier is only 20 
percent of what is injected into the bladder. The hydraulic system can be 
customized for the depth of the deployment to always ensure the system is 
operating at it peek efficiency. Intensifiers operate at 95% efficiency, when used 
with an 85% efficient pump the maximum system efficiency is improved to 81%. 
 A two-stage buoyancy engine should also be investigated to reduce the energy 
consumption. The primary ascent should be completed with an axial piston pump 
due to the high pressure requirement. The additional buoyancy required for the 
secondary ascent may be achieved from a pump that operates more efficiently at 
the lower pressure of 2 bar (~20 m). Splitting the profile into two stages also 
provides an excellent opportunity to assess the sea state before proceeding through 
the secondary ascent. 
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 Investigate the possibility of using a latching solenoid valve to control the flow of 
oil in the hydraulic circuit. A latching solenoid valve only requires a momentary 
energization to switch from open to close (or close to open). If applicable, two 
latching solenoid valve could replace all the hydraulic components between the 
pump and bladder. Such a system would be much less complex to plumb, and 
possibly require less power. 
 Continue to work on a deployment solution. Promising preliminary investigative, 
and assessment work was complete on using polyvinyl alcohol (PVA) release 
tabs. PVA is a water-soluble plastic. It was envisioned to use these tabs with rope 
to help constrain the passive and sensor float to the frame, and mange the 
electromechanical cable. Controlled and timely release of these constrained 
components would significantly improve the ease of deployment. The tabs that 
were 3D printed and tested exhibited good initial strength, and the ability to 
maintain adequate strength for up to 30 minutes when submersed in water. A 
decrease in water temperature also decreased the solubility rate which provides 
more working time. 
 Modify the sensor payload float to ensure the altimeter is mounted vertically. This 
is required to collect reliable altimeter data. 
  
164 
 
Bibliography 
All Rigging Co. (2016, January 1). Technical Information Related With Wire Ropes. 
Retrieved from All Rigging Co.: http://allrigging.com/drum-data/ 
Anaheim Automation. (2016, 05 14). Anaheim Automation. Retrieved from BLWS23 
Series - Brushless DC Motors: 
http://www.anaheimautomation.com/manuals/brushless/L010229%20-
%20BLWS23%20Series%20Product%20Sheet.pdf 
Argo. (2018, June 3). Retrieved from Argo: 
http://www.argo.ucsd.edu/How_Argo_floats.html 
ASME. (2015). An International Code 2015 ASME Boiler & Pressure Vessel Code, 
Section II, Part D (Properties (Customary). New York: ASME. 
ASME International. (2015). Guide for ASME Section VIII Division 1 Stamp Holders 
PTB-10 - 2015. New York , NY, USA: ASME International. 
Benard, A. (2006). The Minature Autonomous Moored Profiler (Mini AMP). Retrieved 
from 
http://www.researchgate.net/publication/228957963_The_Miniaturized_Autonom
ous_Moored_Profiler (Mini_AMP) 
Berteaux, H. (1976). Buoy Engineering. In H. Berteaux, Buoy Engineering (pp. 107-108). 
New York: Wiley. 
165 
 
Camacho, J. M., & Sosa, V. (2013). Alternative method to calculate the magnetic field of 
permanent magnets with azimuthal symmetry. Revista mexicana de física E, 59, 8-
17. 
Carlson, D. F., Ostrovskii, A. G., Kebkal, K., & Gildor, H. (2013). Moored automatic 
mobile profilers and their application. In O. Gal, Advanced in Marine Robotics, 
169-206. 
Cimbala, J. M., & Cengel, Y. A. (2006). Fluid Mechanics Fundamentals and 
Applications (1st Edition ed.). NewYork, NY, USA: McGraw-Hill Education. 
Collins, M., An, S.-I., Cai, W., Ganachaud, A., Guilyardi, E., Jin, F.-F., . . . Wittenberg, 
A. (2010). The impact of global warming on the tropical Pacific Ocean and El 
Niño. Nature Geoscience, 3, 391. doi:10.1038/ngeo868 
Cutler, G. (2018). MAVP Software Documentation. Unpublished mnuscript, AOSL. 
Davis, R. E., Eriksen, C. C., & Jones, C. P. (2003). Autonomous Buoyancy-Driven 
Underwater Gliders. In G. (. Griffths, Technology and Applications of 
Autonomous Underwater Vehicles (pp. 37-58). London: CRC Press. 
Davis, R. E., Talley, L. D., Roemmich, D., Owens, W. B., Rudnick, D. L., Toole, J., . . . 
Barth, J. A. (2019). 100 Years of Progress in Ocean Observing Systems. 
Meteorological Monographs. 
166 
 
Donaldson Company, Inc. (2017). Hydraulic Filtration Product Guide. Catalog No. 
F112100 ENG (1/17). Minneapolis, MN, USA: Donaldson Company, Inc. 
Retrieved from https://www.donaldson.com/content/dam/donaldson/engine-
hydraulics-bulk/catalogs/Hydraulic/North-America/F112100-ENG/Hydraulic-
Filtration-Product-Guide.pdf: 
https://www.donaldson.com/content/dam/donaldson/engine-hydraulics-
bulk/catalogs/Hydraulic/North-America/F112100-ENG/Hydraulic-Filtration-
Product-Guide.pdf 
Drinkwater, K. F. (2005). The response of Atlantic cod ( Gadus morhua ) to future 
climate change. ICES Journal of Marine Science, 62(7), 1327-1333. Retrieved 
from https://doi.org/10.1016/j.icesjms.2005.05.015 
Durr, S., & Thomason, J. (2010). Biofouling. Oxford, UK: Wiely-Blackwell. 
Eaton Fluid Power Training. (2010). Industrial Hydraulics Manual. Maumee, OH, USA: 
Eaton Coporation. 
Fowler, G. A., Hamilton, J. M., Beanlands, B. D., & Furlong, A. R. (1997). A Wave-
Powered Profiler for Long-Term Monitoring. Oceans '97 MTS.IEEE, (pp. 225-
228). 
Gliders. (2018, June 03). Retrieved from National Oceanography Centre: 
http://noc.ac.uk/facilities/marine-autonomous-robotic-systems/gliders 
167 
 
GORE. (2016, May 01). Protective Vents. Retrieved from GORE Crative Technologies 
Worlwide: https://www.gore.com/sites/g/files/ypyipe116/files/2016-07/PTV-
Datasheet-Screw-In-Series-US.pdf 
Gould, J. (2004, May 11). Argo profiling floats bring new era of in situ ocean 
observations. EOS(19), pp. 179,190-191. doi:10.1029/2004EO190002 
Govardhan, R., & Williamson, C. (1997). Vortex-induced motions of a tethered sphere. 
Journal of Wind Engineering and Industrial Aerodynamics, 69–71, 375-385. 
doi:10.1016/S0167-6105(97)00170-0 
Grosenbaugh, ,. M. (1995). Designing Oceanographic Surface Moorings to Withstand 
Fatigue. Journal of Atmospheric and Oceanic Technology, 1101-1110. 
Guru, B. S., & Hiziroglu, H. R. (1995). Elictrical Machinery and Transformers (2nd ed.). 
Orlando, Florida, USA: Harcourt Brace College Publishers. 
Hatami , H. (2013, October 01). Hydraulic Formulary. Retrieved from Rexroth Bosch 
Group: 
https://www.boschrexroth.com/business_units/bri/de/downloads/hyd_formelsamm
lung_en.pdf 
Hawe Hydraulik. (2017, March 01). Releasable check valves. Retrieved from Hawe 
Hydraulik: http://downloads.hawe.com/6/1/D6105-en.pdf 
168 
 
Hibbeler, R. C. (2007). Engineering Mechanics Statics and Dynamics (11th ed.). Upper 
Saddle River, New Jersey, USA: Pearson Prentice Hall. 
Horn, M., Riewald, P., & Zweben, C. (1977). Strength and durability characteristics of 
ropes and cables from Kevlar aramid fibers. CEANS '77 Conference Record (pp. 
313-324). Los Angles: IEEE-MTS. doi:10.1109/OCEANS.1977.1154444 
Hunt, T. M., & Vaughan, N. (1998). The Hydraulic Handbook. Kidlington, Oxford, UK: 
Elsevier Advanced Technology. 
Hurley, J., de Young, B., & Williams, C. D. (2008). Reducing Drag and Oscillation of 
Spheres Used for Buoyancy in Oceanographic Moorings. Journal of Atmospheric 
and Oceanic Technology, 1823–1833. Retrieved from 
https://doi.org/10.1175/2006JTECHO472.1 
Ibex Marina. (2015, March 06). Power Spring. Retrieved from Ibex MArina: 
https://online.flowpaper.com/754b071d/PowerSpringsBrochures5/ 
InterOcean. (2013, September 16). InterOceans Systems VPS - Vertical Profilling System. 
Retrieved from http://www.interoceansystems.com/vps.htm: 
http://www.interoceansystems.com/vps.htm 
Joseph, A. (2013). Measuring Ocean Currents: Tools, Technologies, and Data. San 
Diego: Elsevier. 
169 
 
Kale, S., Joshi, P., & Pant, R. (2005). A generic methodology for determination of drag 
coefficient of an aerostat envelope using CFD. AIAA 5th ATIO and16th Lighter-
Than-Air Sys Tech. and Balloon Systems Conferences. Arlington. 
doi:https://doi.org/10.2514/6.2005-7442  
McArtney. (2015, May 10). TrustLink Stress Termination. Retrieved from McArtney 
Underwater Solutions: https://www.macartney.com/media/5321/trustlink-stress-
terminations.pdf 
McLane Moored Profiler. (2018, June 03). Retrieved from McLAne Labs: 
http://mclanelabs.com/mclane-moored-profiler/ 
Morrison III, A. T., Billings, J. D., & Doherty, K. W. (2000). The McLane moored 
profiler: an autonomous platform for oceanographic measurements. Oceans 2000 
MTS/IEEE Conference and Exhibition, 1. doi:0.1109/OCEANS.2000.881284 
Mott, P. H., & Roland, C. H. (2001). Aging of Natural Rubber in Air and Seawater. 
Chemistry and Technology, 74(1), 97-88. 
Munson, B. R., Young, D. F., & Okiishi, T. H. (1994). Fundamentals of Fluid Mechanics 
(2nd ed.). New York: ohn Wiley & Sons Inc. 
National Academies of Sciences, Engineering, and Medicine. (2017). Sustaining Ocean 
Observations to Understand Future Changes in Earth's Climate. Washington, 
DC: The National Academies Press. doi:10.17226/24919 
170 
 
Parambath, J. (2016). Industrial Hydraulic Systems - Theory and Practice. Boca Raton, 
FL, USA: Universal-Publishers. 
Parker Hanniﬁn Corporation. (2007). Parker O-Ring Handbook ORD 5700. Clevland, 
Ohio, USA: Parker Hanniﬁn Corporation. 
Randall, R. E. (2010). Elements of Ocean Engineering. Jersy City, NJSociety of Naval 
Architects & Marine Engineers, USA: Society of Naval Architects & Marine 
Engineers. 
Send, U., Fowler, G., Siddall , G., Beanlands, B., Pittman, M., Waldmann, C., . . . 
Lampitt, R. (2013). SeaCycler: A Moored Open-Ocean Profiling System for the 
Upper Ocean in Extended Self-Contained Deployments. The Journal of 
Atmospheric and Oceanic Technology, 30(7), 1555-1565. Retrieved from 
https://doi.org/10.1175/JTECH-D-11-00168.1 
Shigley, J. E., & Mischke, C. R. (1996). Standard Book of Machine Design. New YOrk, 
USA: McGraw-Hill. 
Siedler, G., Griffies, S. M., Gould, J., & Church, J. A. (2013). Ocean Circulation and 
Climate: A 21st Century Perspective. Oxford: Academic Press. 
Sizing Accumulators. (2013, March 01). Retrieved from Hydac: http://www.hydac-
na.com/sites/hydac-na/SiteCollectionDocuments/AOSS-%20accumulators.pdf 
171 
 
Sprintall, J., & Cronin, M. F. (2008). Upper Ocean Vertical Structure. (J. H. Steele, Ed.) 
Encyclopedia of Ocean Sciences, Second Edition, pp. 217-224. 
Stantec. (2014). Shelburn Basin Exploration Drilling Project Environmental Impact 
Statement. Edmonton: Stantec. Retrieved from 
https://www.ceaa.gc.ca/050/documents/p80058/99342E.pdf 
Telco Intercontinental Corp. (2016, June 02). DC Brushless Motor. Retrieved from Telco: 
http://www.telcointercon.com/article/dc-brushless-motor 
Teledyne Webb Research. (2018, June 03). Retrieved from Naval Technology: 
https://www.naval-technology.com/contractors/sonar/teledyne-webb-
research/attachment/teledyne-webb-research1/ 
Thorpe, S. A. (Ed.). (2009). Measurement Techniques, platforms & sensors: A derivative 
of the encyclopedia of ocean sciences. San Diego: Academic Press. 
 
  
172 
 
 
Appendix A 
Product Specification Sheets 
  
173 
 
 
  
174 
 
  
175 
 
 
  
176 
 
 
  
177 
 
 
  
178 
 
 
  
179 
 
 
  
180 
 
 
181 
 
 
  
182 
 
 
  
183 
 
 
  
184 
 
 
  
185 
 
 
  
186 
 
 
  
187 
 
 
  
188 
 
 
189 
 
 
190 
 
 
  
191 
 
 
  
192 
 
 
  
193 
 
 
  
194 
 
 
  
195 
 
 
  
196 
 
 
  
197 
 
 
198 
 
 
  
199 
 
 
  
200 
 
 
  
201 
 
 
  
202 
 
 
  
203 
 
  
204 
 
205 
 
206 
 
 
  
207 
 
208 
 
 
209 
 
210 
 
 
211 
 
 
  
212 
 
213 
 
214 
 
 
215 
 
216 
 
 
217 
 
 
218 
 
219 
 
 
  
220 
 
  
221 
 
222 
 
223 
 
224 
 
225 
 
 
226 
 
227 
 
228 
 
 
  
229 
 
230 
 
  
231 
 
232 
 
 
  
233 
 
234 
 
 
235 
 
 
236 
 
 
237 
 
238 
 
239 
 
 
240 
 
241 
 
242 
 
243 
 
 
244 
 
245 
 
 
246 
 
  
247 
 
248 
 
  
249 
 
  
250 
 
251 
 
252 
 
253 
 
254 
 
255 
 
256 
 
 
  
257 
 
258 
 
 
  
259 
 
260 
 
261 
 
 
262 
 
263 
 
264 
 
265 
 
  
266 
 
 
267 
 
268 
 
269 
 
  
270 
 
 
Appendix B 
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Appendix C 
Custom Accumulator Design Calculations Worksheet 
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Custom Accumulator Worksheet 
From the data available from the specification sheets the Versa BPS-2208 pilot operated 
check valve can open the valve with a line pressure of 2.8 bar (40 psi) using a pilot 
pressure of 1.8 bar (20 psi). Since the expected depth of the profiler would be a maximum 
of 20 meters (2 bar) the 1.8 bar of pilot pressure would be more than enough to operate 
the check valve. 
From the data available from the specification sheets the Vektek 20-0115-04 cylinder has 
an effective piston area of 1.767 in2. 
Therefore, the maximum force produced by the cylinder from the when the profiler is at 
an operational depth of 25 meters (2.5 bar or 36.3 psi) can be calculate using; 
 Maximum Cylinder Force = Operating Pressure X Effective Piston Area 
 Maximum Cylinder Force = 36.3 psi X 1.767 in2 
 Maximum Cylinder Force = 64.1 lb 
From the data available from the specification sheet for the compression spring selected 
has a maximum load of 72 lb.  Therefore, it is possible to get a 64.1 lb. return force from 
it. Given the spring rate is 38.4 lb/in the amount of compression can be calculated using; 
 Maximum Spring Compression = Maximum Cylinder Force ÷ Spring Rate 
 Maximum Spring Compression = 64.1 lb ÷ 38.4 lb/in 
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 Maximum Spring Compression = 1.70 in 
Since the original spring length is 3” the new spring length is 1.3” after compressing 1.7”. 
The stoke length required from the cylinder to deliver 1.12 in3 of oil to the pilot operated 
check valve is calculated using; 
 Stroke = Volume delivered ÷ Effective Piston Area  
 Stroke = 1.12 in3 ÷ 1.767 in2 
 Stroke = 0.64 in 
Since the compressed spring length was 1.3” the new spring length after 0.64” stroke is 
1.94 in. 
The amount of force lost when 1.12 in3 of oil is delivered to the pilot operated check 
valve is calculated using; 
  Loss of spring force = Stoke X Spring Rate 
 Loss of spring force = 0.64 in X 38.4 lb/in 
 Loss of spring force = 24.6 lb 
The new spring force acting on the cylinder after the 0.64 in stoke is calculated using; 
 New Spring Force = Maximum Cylinder Force - Loss of spring force  
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New Spring Force = 64.1 lb - 24.6 lb 
New Spring Force = 39.5 lb. 
The pilot oil pressure generated in the cylinder by the new spring force is calculated 
using; 
 New Pilot Oil Pressure = New Spring Force ÷ Effective Piston Area 
 New Pilot Oil Pressure = 39.5 lb. ÷ 1.767 in2 
 New Pilot Oil Pressure =22.4 psi  
The new pilot oil pressure of 22.4 psi is greater than the required pilot pressure of 20 psi 
therefore the cylinder and spring combination can form an adequate accumulator for 
bench testing and field trial in shallow water depths of 25 meters or more. 
To achieve a spring force of 64.1 lb the spring must compress 1.7 in. Since the maximum 
cylinder stroke is 1.5 in the accumulator design must preloaded the spring by compressing 
it 0.2 in. Otherwise if the spring only compresses 1.5 in the maximum oil pressure would 
be 32.6 psi and the reduced spring force after a 0.64 in stoke would be 18.7 psi. This 
value is lower than the 20 psi pilot pressure required by the pilot operated check valve 
therefor is will not remain open.  
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Buoyancy Engine Subsea Enclosure Tender Specifications 
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SPECIFICATIONS FOR A SUBMERSIBLE ENCLOSURE FOR 
OCEANOGRAPHIC EQUIPMENT 
Used to protect oceanographic equipment on an autonomous mobile moored profiler that 
operates from the surface of the ocean to the seafloor along the continental shelf. The 
equipment cycles from the sea surface to the floor (200 m depth) five time daily for a twelve 
month duration.  
Please refer to the drawings at the end of the document to complement the written 
requirements. 
Construction Material must be corrosion resistant to a salt water environment; sea water. 
(Hard anodised aluminum, stainless steel, titanium, composite, etc.).  Anodised parts must 
be machined prior to anodization to ensure all exposed surfaces are protected.  
Must not allow the ingress of water. Minimum, the enclosure must be rated and tested to 
an equivalent depth of 200 meters (20 bar) with a safety factor of 1.5. 
Minimum Inside Diameter:  245 mm 
Maximum Inside Diameter: 260 mm 
Minimum Useable Length: 1000 mm 
Maximum Useable Length: 1100 mm 
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* Useable length is the space between the inside of the endcaps when the enclosure is 
assembled. 
End Caps must have a minimum of 2 seals; at least one must be a bore seal. 
End Caps must be mechanically attached to the main body of enclosure. 
End Caps must have a means to assist their removal. 
End Cap 1 must have an SAE -4 threaded hole (as per SAE J1926 standards) on both 
sides (port both faces), thru the centre of its face. 
End Cap 1 must have 6 equally spaced holes (M6 X 12 mm deep) located on the exterior 
face of the end cap and located 118 mm from its centre. 
End Cap 2 must have 6 equally spaced threaded thru holes located 85±5 mm from its 
centre.  
1 X 9/16”-18 UNF-2A 
1 X 5/8”-18 UNF-2A 
1 X SAE -4 (as per SAE J1926 standards), ported on the exterior face 
3 X SAE -6 (as per SAE J1926 standards), ported on the exterior face 
On the external face of End Cap 2, each thru hole must be spot faced to a 
minimum of 32 mm diameter and with a 0.8 micrometer surface finish.  
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End Cap 2 must have 6 equally spaced holes (M6 X 12 mm deep) located on the interior 
face of the end cap and located 100 mm from its centre. They must be spaced between the 
thru holes. 
End Cap 2 must have 1 hole (M6 X 12 mm deep) located at the center exterior face of the 
end cap. 
Fittings: 
The SAE -4 hole on the external face of End Cap 1 will be furnished with a 316 
Stainless Steel SAE-4 ORB union, coupling, and plug. Parker Part No.; 4 
F5OHAO-SS, 4 G5HH5-SS, and 4 P5ON-SS (suggested). 
The 3 X SAE – 6 holes on End Cap 2 will be furnished with 316 Stainless Steel 
Hex Head SAE –6 ORB plugs. Parker Part No. 6 P5ON-SS (suggested). 
The 1 X SAE -4 hole on End Cap #2 will be furnished with PREVCO Dual Vent 
Port. Part No. 00669-001 (LBO). https://prevco.com/products/accessories/vent-
plugs 
The 1 X 5/8”-18 hole on End Cap 2 will be furnished with a SubConn, BH6M 
connector, dummy plug DC6F, and sleeves DLSB-F and DLSB-M. The BH6M 
connector will have 500 mm long lead wires. http://www.macartney.com/what-
we-offer/systems-and-products/connectivity/subconn/subconn-circular-
series/subconn-circular-6-8-and-10-contacts/ 
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The 1 X 9/16”-18 hole on End Cap 2 will be furnished with a Teledyne MHDG-4-
BCR connector, and a dummy plug MHDG-SCP.  The MHDG-4-BCR connector 
will have 500 mm long lead wires. 
http://www.teledyneoilandgas.com/_document%5CImpulse_MHDG.pdf 
A drawing package must be submitted with the tender to illustrate the basic design (type 
of seals, method of mechanical attachment of the end caps, etc.). 
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